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, complexed with water, crown ethers, and histidine are 
examined using a variety of experimental methods and quantum chemical calculations.  
Chapters 3 and 6 detail the first experimentally determined hydration energies for n = 6 – 
10 for Zn
2+
(H2O)n and n = 3 – 11 for Cd
2+
(H2O)n measured using threshold collision-
induced dissociation in a guided ion beam mass spectrometer. Kinetic energy dependent 
cross sections are obtained for each reactant and analyzed to yield 0 K threshold 
measurements for loss of one, two, and three water ligands after accounting for multiple 
collisions, kinetic shifts, and energy distributions.  The threshold measurements are 
converted from 0 K to 298 K values to give the hydration enthalpies and free energies for 
sequentially losing one water from each complex.  Theoretical geometry optimizations 
and single point energy calculations are performed on reactant and product complexes 
using several levels of theory and basis sets to obtain thermochemistry for comparison to 







is also observed, analyzed, and discussed in detail in both Chapters 4 and 6 for M = Zn 
and Cd.  In Chapter 5, complexes of Zn
2+
(H2O)n, where n = 6 – 12, are also examined 
using infrared multiple photon dissociation (IRMPD) spectroscopy, blackbody infrared 




coordination behavior of Zn
2+
.  IRMPD spectroscopy experiments and theoretical 





 complexed with crown ethers (12-crown-4, 15-crown-5, 
and 18-crown-6).  Finally, Chapter 8 examines the gas-phase structures of singly and 
doubly-charged complexes involving Zn and Cd with the amino acid histidine (His) as 
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INTRODUCTION AND OVERVIEW 
Introduction 
 Heavy metals are used extensively in industrialized countries and their 
contamination of water resources has caused a widespread concern over the pollution of 
food resources, drinking water, and eventually the atmosphere.  These metals are one of 
the most hazardous classes of pollutants and pose a serious health concern because of 
their nonbiodegradablity, toxicity, and carcinogenic properties.
1
 An accurate and 
complete understanding of the thermochemical properties, reaction pathways, and 
structure of hydrated heavy metals is necessary for the efficient removal of metal 





.  Zinc is an essential nutrient, found as the metal center in several 
important proteins and enzymes, however, its high anthropogenic usage has caused levels 
of this metal to reach the point of contamination.
1-4
  The hydration of Cd
2+
 is especially 
interesting because cadmium is highly toxic and environmentally hazardous.  Cadmium is 
particularly dangerous to human health because it is a known carcinogen, 
nonbiodegradable, and can replace zinc in many biological systems resulting in 






Over the past several decades a large amount of work has been accomplished 
looking into the hydration of many different singly and doubly charge metals using a 
variety of experimental and theoretical techniques, as outlined in the forthcoming 
chapters.  Despite this work, the experimental thermochemistry of hydrated zinc and 
cadmium dications is presently unknown.  To address this lack of thermochemical 
information, we examine the dissociation behavior of M
2+
(H2O)n complexes, where M = 
Zn and Cd and n = 6 – 10 for Zn and n = 3 – 11 for Cd.  In all cases, the dominant 





(H2O)n-1 + H2O (1.1) 
followed by sequential loss of additional water molecules, although particular sized 







(H2O)n-m-1   (1.2) 
Analysis of the kinetic energy dependence of these collision-induced reactions provides 
the first experimental determination of the hydration energies for zinc and cadmium 
dication-water complexes.  These energetics are measured experimentally using threshold 
collision-induced dissociation (TCID) in a guided ion beam tandem mass spectrometer 
coupled with a thermal electrospray ionization source (ESI-GIBMS) and are subsequently 
compared to theoretical calculations. 
The thermochemical investigation of these hydrated dications has led to a variety 
of other studies also presented in this dissertation.   The structural coordination behavior 
of Zn
2+




dissociation (IRMPD) spectroscopy and blackbody infrared radiative dissociation 




, IRMPD spectroscopy was 
used to gain structural insight into complexes of these metals bound to different 
sequestering agents as well as small biological ligands (i.e., amino acids).  All 
spectroscopy experiments were performed in a collaborative effort with two other 
research institutions and utilized a Fourier-transform ion cyclotron resonance mass 
spectrometer (FT-ICR) coupled to the beamline of a tunable IR laser.  For structural 
determination the spectra generated are compared to linear absorption spectra predicted 
by quantum chemical calculations. 
Overview 
Chapter 2 presents a brief description of the ESI-GIBMS experimental setup and 
procedures.  Additionally, the process of data reduction and analysis is also outlined.  
Analyses of the data are described for single, competitive, and sequential dissociations of 
M
2+
(H2O)n; fitting the data to these models results in themochemical information for the 
endothermic reactions presented in Chapters 3, 4, and 6.  
Chapter 3 details the collision-induced dissociation experiments for Zn
2+
(H2O)n, 
where n = 6 – 10, resulting in the first experimentally determined sequential bond 
dissociation energies (BDEs) of these complexes.  A detailed theoretical study into the 
structures and predicted BDEs of the low-energy Zn
2+
(H2O)n complexes is also presented 
using several levels of theory for comparison to experiment.  Different levels of theory 
disagree on the ground state (GS) conformation leading to potential ambiguities in the 
final thermochemical values.  These questions are addressed and answered with 




Theresa E.; Carl, D. R.; Armentrout, P. B. Journal of Physical Chemistry A, 2009, 113, 
13727 – 13741. 
Chapter 4 examines the competition between reactions 1.1 and 1.2 for Zn
2+
(H2O)n 
in great detail.  Results from this study are sufficient to establish a new, more precise 
definition of the “critical size” for charge separation.  Calculated rate-limiting transition 
states for reaction 1.2  are also compared to experimental threshold measurements  
Finally, a complete reaction coordinate is calculated, outlining a possible pathway for 
reaction 1.2 to occur for the dissociation of Zn
2+
(H2O)7.  This work has been published: 
Cooper, Theresa E.; Armentrout, P. B. Journal of Physical Chemistry A, 2009, 113, 
13742 – 13751. 
Chapter 5 answers questions posed in Chapter 3 through IRMPD spectroscopy 
and BIRD experiments.  Coordination behavior of Zn
2+
(H2O)n, where n = 6 – 12, is 
discussed, resulting in a more definitive assignment of the experimental and theoretical 
thermochemical values of the hydrated zinc dication.  This work was the first in a new 
collaboration with the Williams group at the University of California, Berkeley and was 
published: Cooper, Theresa E.; O’Brien, J. T.; Williams, E. R.; Armentrout, P.B. Journal 
of Physical Chemistry A, 2010, 114, 12646 – 12655. 
  Chapter 6 presents the complete experimental and theoretical investigation of the 
hydration energies of Cd
2+
(H2O)n complexes, n = 3 – 11.  The competition between 
reactions 1.1 and 1.2 is also examined and rate-limiting transition states for the charge 
separation process are calculated and compared to experimental threshold measurements 
of the reaction barrier height.  This chapter encompasses two publications: Cooper, 




486, 1 – 6 and Cooper, Theresa E.; Armentrout, P. B. Journal of Chemical Physics, 2011, 
134, 114308.  
 Chapter 7 introduces IRMPD spectroscopy work done in a collaborative effort 
with the FOM Institute for Plasma Physics “Rijnhuizen”, a user facility in the 




 complexed with varying sized 
crown ethers, 12-crown-4 (12c4), 15-crown-5 (15c5), and 18-crown-6 (18c6), are 
investigated and the spectra are compared to those predicted by quantum chemical 
calculations.  The experimental work was done in collaboration with Drs. Jos Oomens 
and Jeffrey Steill at the FOM and has been published:  Cooper, Theresa E.; Carl D. R.; 
Oomens, J.; Steill, J. D.; Armentrout, P. B. Journal of Physical Chemistry A, 2011, 115, 
5408 – 5422.  
 Chapter 8 continues the collaboration with the FOM Institute, gaining 
conformational insight into biologically important complexes of histidine with Zn and Cd 
using IRMPD spectroscopy.  Comparisons are made between the experimentally 
observed spectra and the calculated linear absorption spectra to determine likely 
contributing gas-phase conformations. This work has been published: Hofstetter, Theresa 
E.; Howder, C.; Berden, G.;  Oomens, J.; Armentrout, P. B. Journal of Physical 





 (1) Richens, D. T. The Chemistry of Aqua Ions; John Wiley and Sons, Inc: 
New York, 1997. 
 (2) Spiro, T. G. Zinc enzymes; J. Wiley: New York, 1983. 
 (3) Kimura, E. Pure & Appl. Chem. 1993, 65, 355. 







IN-HOUSE EXPERIMENTAL TECHNIQUES AND DATA 
ANALYSES 
Guided Ion Beam Mass Spectrometer with an  
Electrospray Ionization Source 
 Experimental procedures.  The experiments described in Chapters 3, 4, and 6 on 
hydrated metal dications, M
2+
(H2O)n, were performed using a guided ion beam mass 
spectrometer with an electrospray ionization source (ESI-GIBMS), which has been 
described in detail previously.
1-3
  There are four main regions in the GIMS shown in 
Figure 2.1: ESI source, magnetic momentum analyzer, octopole ion guide and reaction 
cell, and a quadrupole mass filter and Daly detector.  The M
2+
(H2O)n complexes were 
generated using an ESI source,
3
 comprising a stainless steel electrospray needle, a heated 
capillary, an 88 plate ion funnel, and a hexapole ion guide where the ions undergo 
sufficient thermalizing collisions to bring them to a Maxwell Boltzmann distribution at 
ambient temperatures.  M
2+
(H2O)n, where M = Zn or Cd, clusters are formed by passing a 
dilute solution of M(NO3)2, 10
-4
 M in water, through the electrospray needle at a low 
flow rate of 0.02 - 0.10 mL/hr with a high voltage applied to the needle, typically 2.0 - 
2.2 kV.  The capillary following the spray is heated to 80 C to promote desolvation of 













the ions emitted from the capillary thereby increasing signal intensity.
5,6
  The ions are 
pulled through the funnel by a gentle DC gradient, typically 5 - 8 V, and undergo 
multiple collisions with the ambient gas.  Compared to previous settings used with this 




(H2O)n complexes are 
unusually gentle because of the propensity of these ions to dissociate via the charge 
separation pathway, reaction 1.2, into metal hydroxide and protonated water complexes. 
The radio frequency (rf) hexapole ion guide/collision cell traps the ions in the radial 
direction using an rf amplitude typically set between 200 – 250 V peak to peak.  Here, the 
ions undergo >10
4
 collisions with the ambient gas as they drift through the hexapole, 
such that the emerging ions are thermalized, as shown previously
3,7-9
 and in work 
performed in this dissertation.  Thermal ions are assumed to be in their ground vibrational 
and rotational states such that they can be described by a Maxwell Boltzmann distribution 
at 300 K.  Increasing the voltage to the DC fin electrodes, an in source fragmentation 
technique described in more detail elsewhere,
10
 tends to form smaller metal hydrate 
complexes; this technique was used to form certain complex sizes of M
2+
(H2O)n as 
explicitly outlined in Chapters 3 and 6 for Zn and Cd. 
 The ions generated, as described above, are focused and accelerated into a 
magnetic momentum analyzer, which selects the desired reactant by its mass-to-charge 
ratio (m/z).  The selected reactant is decelerated to a known potential relative to the 
hexapole in the ion source, VLab, and focused into an rf octopole ion guide where the ion 
is trapped radially. A collision gas cell surrounds part of the octopole and contains xenon, 
which is introduced to the collision cell at pressures varying between 0.05 and 0.20 




monatomic, chemically unreactive, and polarizable, thereby providing efficient kinetic to 
internal energy transfer upon collision.
11,12
  After collision, reactant and product ions drift 
to the end of the octopole guide, where they are focused into a quadrupole mass filter for 
mass analysis and then detected utilizing a Daly detector,
13
 which is capable of single ion 
counting.  This process is repeated at varying collision energies, VLab, until the kinetic 
energy dependent intensities of all parent and product ions are recorded over the energy 
range of interest.  
Data Reduction and Analyses 
Raw data conversion.  As described elsewhere,
1
 ion intensities are converted to 
absolute cross sections, which corresponds to the probability of a reaction to occur, using 
a Beer’s Law relationship, eqs 2.1 and 2.2. 
 𝐼 = 𝐼0exp(−𝜎𝑡𝑜𝑡𝜌𝑙) (2.1) 




Here, I is the ion intensity of the transmitted ion beam, I0 is the sum of all ion intensities, 
𝜎𝑡𝑜𝑡  is the total cross section, 𝜌 is the gas density of xenon in the reaction cell, l is the 
effective gas cell path length, 𝜎𝑃 is a product cross section with transmitted intensity IP.  
Absolute cross sections have an uncertainty of ±20%.   
In addition, VLab is converted to the relative kinetic energy in the center-of-mass 
(CM) frame using ECM = 2 VLab m/(m + M), where m is the mass of the neutral collision 
gas, M is the mass of the ionic reactant, and the factor of two accounts for the charge on 




reactant ions are determined using a retarding potential technique.
1
 The derivative of the 
normalized ion intensities is fit to a Gaussian distribution, with a full width at half 
maximum (FWHM) in VLab that ranges in these experiments from 0.08 - 0.15 eV.  The 
absolute uncertainty in VLab is 0.05 eV. 
 Threshold modeling.  In order to extract accurate thermochemical results from 
analysis of the kinetic energy dependent cross sections, several factors must be 
considered.  Experiments were performed at three different pressures of Xe (typically 
about 0.05, 0.10, and 0.20 mTorr) and the resulting cross sections extrapolated to a zero 
pressure cross section to ensure single collision conditions.
14,15
  This rigorously removes 
effects arising from multiple collisions, which are particularly significant in the present 
system for higher order water losses and the charge separation channels. Using this zero 
pressure cross section, the loss of a single water molecule from a reactant M
2+
(H2O)n 
complex is modeled using eq 2.3 
 
(E) = 0  gi (E + Ei – E0)
N
 / E (2.3) 
In this modified line-of-centers expression, σ0 is an energy independent scaling factor, E 
is the relative translational energy of the reactants, E0 is the reaction threshold at 0 K, and 
N is an adjustable fitting parameter that characterizes the energy deposition during 
collision.
2
 The summation is over the rovibrational states of the reactants having 
excitation energies Ei and populations gi, where ∑gi = 1.  The number of rovibrational 
states is directly counted using the Beyer-Swinehart Stein-Rabinovitch algorithm
16-19
 and 




comparison with the data, the model is also convoluted over the kinetic energy 
distributions of the reactants.
1
  
 The complexes examined in the present study are sufficiently large that their 
dissociation lifetime near the dissociation threshold is comparable to the experimental 
time of flight, τ ≈ 5  10-4 s in this apparatus.  This behavior can give rise to a kinetic 
shift that can be estimated by incorporating Rice-Ramsperger-Kassel-Marcus (RRKM) 
theory
19,20
 into eq. 2.3, as discussed in detail elsewhere.
21-23
 Competition between 
multiple dissociation pathways can be modeled statistically, as discussed elsewhere,
24
 for 
an individual reaction channel, j.  When both of these effects are explicitly considered, eq 
2.3 is modified to eq. 2.4, 
 𝜎𝑗  𝐸 =
𝑁𝜎0,𝑗
𝐸









where ε is the energy transferred into the reactant ion by the collision such that the energy 
available for dissociation is E* = ε + Ei.  PD1 = 1 – exp[-ktot(E*)] is the probability of 
dissociation of the energized molecule, EM.  
Theoretical results discussed in Chapter 3 show that a distribution of different 
reactant and product isomers are possible.  Modeling using eq 2.4 is necessary to account 
for the competition between these multiple dissociation pathways, which in this case 
yield product ions having the same mass.  In Chapters 4 and 6 eq 2.4 is used to account 
for the competition between the water loss and charge separation dissociations of 
M
2+
(H2O)n, which should be taken into account for the most accurate thermochemistry of 
the system.  Explicit consideration of both dissociation channels is necessary because the 




possible at higher energies than its actual 0 K threshold, yielding an energetic difference 
known as the “competitive shift”. 
Should the unimolecular rate constant be sufficiently fast for complete 
dissociation, eq 2.4 reduces to eq 2.3 for a single channel.  The RRKM unimolecular rate 
constants for dissociation are given by eq 2.5, 
 ktot(E*) =  kj(E*) = sj N
†
vr,j(E* – E0,j) / hvr(E*) (2.5) 





vr,j is the number of ro-vibrational states of 
the transition state (TS) for channel j at an energy E* – E0,j above the reaction barrier, and 
vr(E*) is the density of states for the ro-vibrational levels of the EM.  The rotational 
constants and vibrational frequencies of the EM and TSs are taken from quantum 
chemical calculations (detailed in Chapters 3, 4, and 6).   
For water loss channels, the transition state is loose as the bond cleavage is 
heterolytic with all the charge remaining on the complex containing the metal ion.
25
  The 
TS for water loss is treated at the phase space limit (PSL) in which the transitional modes 
are treated as rotors.
23
  In this limit, the TS is product-like such that its molecular 
parameters are taken from quantum chemical calculations of the products.  Additionally, 
there is no other energetic barrier associated with the reaction beyond its endothermicity.  
As such, E0,j represents the experimental bond dissociation energy (BDE) for water loss 
from a M
2+
(H2O)n reactant.  Because the charge separation process produces two singly 
charged species, there must be a Coulombic barrier along the reactant coordinate for this 




these TSs are taken from calculations described in Chapters 4 and 6.  Here, E0,j represents 
the barrier height associated with the charge separation reaction, which corresponds to 
the energetic difference between the rate-limiting TS and the reactant ground state.  
 Sequential modeling is used in Chapters 3, 4, and 6 in order to obtain 
thermochemical information on smaller complexes not directly accessible from the ESI 
source due to the energetic favorability of the charge separation process at certain smaller 
complex sizes.  Accordingly, thresholds for secondary dissociation are modeled in 
conjunction with modeling the single water loss channel.  The “sequential BDE” is 
derived from the difference between the primary and secondary thresholds.  A statistical 
approach to modeling sequential dissociation has recently been developed and proven to 
provide accurate thresholds for singly charged systems,
26
 as well as work performed on 
the doubly charge systems in this dissertation.  This model makes statistical assumptions 
regarding the energy deposition in the products of the initial CID reaction.  Ultimately, 
the model assigns a probability for further dissociation of the product of reaction 1.1 
using eq 2.6,  
 PD2 = 1 – exp[-k2(E2*)] (2.6) 
where E2* is the internal energy of the product ion undergoing secondary dissociation.  
This energy is determined by energy conservation, i.e., E2* = E* – E0 – T1 – EL, where T1 
is the translational energy of the primary products and EL is the internal energy of the 
neutral product.  Statistical assumptions are used to assign the distributions of each of 
these quantities, thereby allowing calculation of the secondary dissociation rate constant, 




limited to single primary product channels such that no designation of the individual 
reaction channel j is included in eq 2.6. 
Analysis of the data involves using eqs 2.3, 2.4, or 2.6 to reproduce the data over 
extended energy and magnitude ranges, using a least squares criterion for optimizing the 
fitting parameters, σ0,j, E0,j, and N.  The uncertainties in these parameters include 
variations associated with modeling several independent experimental cross sections, 
scaling the theoretical vibrational frequencies by ±10%, varying the N value by ±0.1, 
scaling the experimental time of flight up and down by a factor of two, and the 
uncertainty in the absolute energy scale.  As a note, sequential BDEs are relative values; 
therefore the uncertainty is typically lower than the calculated absolute uncertainty for 
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CHAPTER 3 
HYDRATION ENERGIES OF ZINC (II): THRESHOLD 
COLLISION-INDUCED DISSOCIATION  
EXPERIMENTS AND THEORETICAL  
STUDIES 
Abstract 
The first experimentally determined sequential bond dissociation energies of 
Zn
2+
(H2O)n complexes, where n = 6 – 10, are measured using threshold collision-induced 
dissociation in a guided ion beam tandem mass spectrometer coupled with an 
electrospray ionization source.  Kinetic energy dependent cross sections are obtained and 
analyzed to yield 0 K threshold measurements for loss of one and two water ligands after 
accounting for multiple collisions, kinetic shifts, and energy distributions.  The threshold 
measurements are then converted from 0 K to 298 K values to give the hydration energies 
for sequentially losing one water from each parent complex.  Theoretical geometry 
optimizations and single point energy calculations are performed using several levels of 
theory for comparison to experiment.  Although different levels of theory disagree on the 
ground state conformation of most complexes examined here leading to potential 
ambiguities in the final thermochemical values, calculations at the MP2(full) level 




most consistent with the inner solvent shell of Zn
2+
 being five waters, except for 
Zn
2+







(H2O)n-m-1 , which is in competition with the 
loss of water from the parent complex, is also observed for n = 6 – 8.  These processes 
are analyzed in detail in the following chapter. 
Introduction 
Zinc solvation and coordination behavior is of paramount importance in the fields 
of biochemistry and bioinorganic chemistry as the zinc ion is required for the activation 
of certain proteins and metalloenzymes.
1-3
  Thus, zinc is biologically important and not 
toxic. In addition, zinc metal consumption ranks fourth in the world among all metals.
4
  
The most common uses are to galvanize steel, as a component in brass, and as an additive 
in rubbers and paints.
4
  Such high usage implies large discharges to the environment, 
such that zinc is quickly infiltrating aqueous systems, thereby making its way into the 
food chain, drinking water, and eventually the atmosphere.     
Zinc coordination behavior has previously been studied using a variety of 





equilibria using a variety of ligands (but not water),
6-8
 collision-induced dissociation 
(CID) mass spectrometry of the hydrated ion,
9,10
 and X-ray absorption fine structure 
studies of the ion in aqueous media.
11
  Despite this activity, experimental 
thermochemistry for the hydration of zinc cations is presently unknown.  Because of the 
lack of experimental bond energies, a host of theoretical work has been performed 
utilizing a variety of quantum chemical and Monte Carlo calculations including density 






Neither experiment nor theory has yet established definitively the number of 
waters in the inner solvent shell surrounding the zinc cation in Zn
2+
(H2O)n complexes.  
X-ray, Raman, and near-IR spectroscopy report a coordination number of six forming an 
octahedral inner shell, which until recently has been the commonly accepted 
configuration.
3,5,11,19
  Using quantum chemical calculations, several studies found the 
differences in energies between inner solvent shells of four, five, and six water molecules 
to be very small.
14,15,18
  Indeed, the lowest energy complex switches between an inner 
shell of four or six depending on the level of theory used.  An inner shell of six is favored 
by MP2 calculations, whereas B3LYP theory has a slight preference for an inner shell of 
four.
14-16,18
    Pavlov et al.
18
 theorized that calculations of larger clusters (n > 12) are 
needed to accurately represent the dilute solutions explored by X-ray scattering, Raman, 
and near-IR experiments.  However, such conclusions are clearly influenced by the basis 
set size, as demonstrated by Peschke et al.
8
 for the Zn
2+
 ion interacting with acetone 
ligands.  They found large energy differences when geometries were calculated using 
B3LYP/6-311++G(d,p) compared to the values given in the B3LYP/LANL2DZ 
calculations reported by Pavlov et al.
18
   
To address the lack of thermochemical information on the hydration energies of 
the zinc cation, the present study examines the dissociation behavior of Zn
2+
(H2O)n 





(H2O)n-1 + H2O (3.1) 
followed by sequential loss of additional water molecules.  Analysis of the kinetic energy 




hydration energies of zinc cation-water complexes.  These values are compared to 
previous and present theoretical calculations, which also examine the issue of the size of 
the inner solvent shell.   
In addition, particular sized complexes are found to undergo a charge separation 







(H2O)n-m-1   (3.2) 
One result from the analysis in Chapter 4 that is important here is that competition 
between reactions 3.1 and 3.2 does influence the experimental thresholds for reaction 3.1 
with n ≤ 7 and this effect is included in the thermochemistry reported here.  Finally, we 
note that because the threshold for charge separation is below the threshold for water loss 
for n = 7, electrospray ionization (ESI) sources are generally limited to producing 
Zn
2+
(H2O)7 and larger complexes.   
Theoretical and Experimental Section 
Computational details.  Because there is a debate in the literature regarding the 
calculated ground state of the Zn
2+
(H2O)n complexes, a simulated annealing procedure 
using the AMBER (Version 8) program
20
 was used to generate all possible low-lying 
isomers.  Annealing procedures were followed three independent times for inner 
hydration shells of four, five, or six water ligands.  To constrain the inner shell to these 
sizes, an energetic barrier was used to prevent waters from moving too far from the metal 
ion, and applied to the second shell waters (when applicable) preventing these ligands 
from entering into the first shell.  Each isomer was then optimized using a low level of ab 
initio theory, HF/3-21G.
21,22
  Using the Gaussian03 package,
23




optimizations were performed on the lowest lying isomers generated from the annealing 
process (about 50 structures for the larger complexes).  These structures were first 
optimized at the B3LYP/6-31G(d) level
24-26
 in a “loose” geometry optimization, which 
utilizes a large step size (0.01 au) and RMS force constant (0.0017)  to give a rapid 
geometry convergence. The lowest energy structures (about 25) were further optimized 
with a larger basis set, B3LYP/6-311+G(d,p).  This level of theory was used for the final 
geometry optimizations as well as providing vibrational frequencies and rotational 
constants.   
These calculated frequencies and rotational constants were used in the RRKM 
thermochemical analysis discussed below, as well as for zero point energy (ZPE) 
conversions of theoretical bond dissociation energies to 0 K thermochemical values.  The 
vibrational frequencies were each scaled by 0.989
27
 before being used in these analyses.  





 levels of theory with a 6-311+G(2d,2p) basis set.  As 
will be seen below, conflicting results are provided by these two DFT levels versus the 
MP2(full) calculations.  To explore which set of results is more likely to be accurate, a 
third DFT calculation was performed using the M06
30,31
 functional, which was developed 
specifically for noncovalent interactions found in ion solvation and hydration.  
Accordingly, additional SPE energies were calculated using the M06 level with a 6-
311+G(2d,2p) basis set.  Diffuse functions were used in the geometry optimization, 
frequency calculation, and SPE calculations because of their importance for describing 
the hydrogen bonding of the zinc water clusters.  Previous works have discussed this 
importance in both zinc hydration and solvation.
8,18




(BSSE) were also calculated for dissociation of the lowest energy structures at each level 
of theory in the full counterpoise (cp) limit.
32,33
  The BSSE corrections found for all three 
DFT calculations were relatively small, ≤5 kJ/mol, and slightly larger for the MP2(full) 
level, 8 – 10 kJ/mol depending on the size of the complex.  For simplicity purposes, when 
these four levels of theory are discussed the B3LYP and B3P86 levels will be abbreviated 
together as “Bx” and the M06 and MP2(full) will be abbreviated together as “Mx”.  In 
addition to the Bx and Mx results, we also performed BHandHLYP
34
/6-
311++G(2d,2p)//BHandHLYP/6-311++G(d,p) calculations (which were shown in a 
previous study
35
 to be able to describe hydrogen bonding in amino acids as well as or 
better than computationally more expensive methods) for the lowest energy complexes of 
the four, five, and six water inner shells of Zn
2+
(H2O)6.  (Identical geometries were 
obtained using the 6-311+G(d,p) basis set.)  Results show that the six water inner shell is 
the lowest energy structure, but the other two complexes are ~2 kJ/mol above the ground 
state, similar to the MP2(full) level discussed in more detail below.   
In addition to the B3LYP and BHandHLYP geometry optimizations performed, 
we also calculated MP2(full)/6-311+G(d,p) geometries for Zn
2+
(H2O)n for n = 5 – 9, 
M06/6-311+G(d,p) geometries for n = 6 – 10, and B3LYP/6-311++G(d,p) geometries for 
n = 6 and 9, along with their corresponding SPEs at the same three levels of theory used 
above.  No discernible differences in the geometries and energetics were found using 
these more expensive approaches.  Hence, results from the B3LYP/6-311+G(d,p) 
geometry optimizations are used exclusively in the discussion below. 
Experimental procedures.  The experimental methods used to form the 
Zn
2+




collision-induced dissociation are described in detail in Chapter 2.  Unique to this work, 
the DC fin electrodes, an in source fragmentation technique described in more detail 
elsewhere,
36
 were used to increase the amount of the Zn
2+
(H2O)7 complex produced by 
our ESI.  Increasing the voltage on the fins tends to form smaller metal hydrate 
complexes as described by Carl et al.,
36
 however, for the case of zinc hydration  
increasing the fin voltage past the intensity peak for the n = 7 complex generated charge 
separation products and no complexes smaller than n = 7 were observed from our source. 
Results and Discussion 
Theoretical geometries of zinc water clusters.  As described above, geometry 
optimizations and frequency calculations were performed at the B3LYP/6-311+G(d,p) 
level of theory.  Although experimental data for the Zn
2+
(H2O)n complexes where n = 1 – 
5 are not accessible at this time, for completeness, these structures were also optimized 
and SPEs calculated at the same theoretical levels designated above.   
In agreement with previous theoretical results performed on these smaller 
complexes,
5,8,15-18
 all waters bind directly to the zinc metal ion for n = 1 – 4.  In all four 
species, the water ligands are distributed to maximize the distance between ligands, such 
that the oxygen atoms are located in linear, distorted trigonal planar, and near-tetrahedral 
geometries for n = 2 – 4, respectively.  Key structural parameters for these smaller 
complexes are provided in Table 3.1.   
For larger clusters sizes, n ≥ 5, there is a debate as to the number of waters in the 
inner shell of the ground state structure.  Both Hartmann et al. and Lee et al. examined 
the possibility of having an inner shell of 3 water ligands at the n = 4 and 5 complexes 
and both studies found that these structures were very high in energy.
15,16




work, several isomers of the n = 5 – 10 clusters (excluding the 3 water inner shell) were 
explored theoretically, with energy differences for low-energy isomers presented in Table 
3.2.  The lowest energy structures having inner solvent shells of 4, 5, and 6 water ligands 
are shown in Figures 3.1 – 3.3 for the n = 6 – 8 complexes.  In most cases, when a second 
shell water ligand forms two hydrogen bonds to the inner shell (indicated by an AA 
designation), the structure is lower in energy than if there is only one hydrogen bond to 
the inner shell (indicated by A).  A number of additional higher energy isomers were also 
calculated for all inner shell sizes of the n = 6 – 10 complexes. Because of the large 
number of isomers investigated, their geometries and relative energetics are not included 
here. 
For n = 5, the present results find that the Zn
2+
(H2O)4(H2O)1 or (4,1)_AA 
structure has a distorted tetrahedral inner solvent shell with the fifth water forming two 
hydrogen bonds to the inner shell.  The nomenclature used here for these complexes 
specifies the number of inner shell waters x and second shell water ligands y by (x,y) 
augmented with the designation of the hydrogen bonding motif of the complex.  The 
(4,1)_AA structure is slightly more stable at the Bx levels (B3LYP and B3P86) than the 
Zn
2+
(H2O)5 or (5,0) structure with all five waters in the inner solvent shell forming a 
square pyramidal shape, but Mx results (M06 and MP2(full)) find the opposite result, 
Table 3.2. The Bx results are in agreement with earlier DFT theoretical work performed 
on this size complex,
15,18
 as are the MP2 results with analogous earlier calculations.
14,16
  
Alternate isomers include the (4,1)_A structure, which has the second shell water singly 
hydrogen bonded to the inner shell and lies 1 – 15 kJ/mol higher than (4,1)_AA.  Because 




















H2O C2v    0.962 (2) 105.1 
Zn
2+
(H2O) C2v 1.881  125.3 (2) 0.984 (2) 109.5 
Zn
2+





















0.970 (8) 107.6 (4) 
a








Table 3.2.  Relative calculated enthalpy (ΔH0) and free energies (ΔG298)
a
 (kJ/mol) of Zn
2+
(H2O)x(H2O)y where x is the number of 
































(H2O)5                         (4,1)_AA 0.0 (2.6) 0.0 (2.9) 6.5 (8.2) 3.3 (4.3) 0.0 0.0 2.5 3.8 (0.0) 
(4,1)_A 1.1 (0.0) 0.8 (0.0) 14.9 (12.9) 8.4 (5.7)     
(5,0) 4.2 (5.8) 4.6 (6.4) 0.0 (0.6) 0.0 (0.0) 4.2 1.7 0.0 0.0 (0.4) 
(5,0)_switch 5.8 (5.4) 6.0 (5.8) 1.4 (0.0) 2.4 (0.3)     
Zn
2+
(H2O)6                       (4,2)_2AA 0.0 (0.0) 0.0 (0.0) 13.1 (12.8) 3.8 (7.5) 0.0 0.0 0.0 18.8 (12.6) 
(5,1)_AaAb 8.2 (0.3) 8.6 (0.6) 12.2 (4.1) 4.2 (0.0) 20.5 4.2 1.5 16.7 (3.8) 
(5,1)_Aa 17.1 (3.1) 17.4 (3.3) 26.6 (12.3) 16.9 (6.6) 15.5   26.4 (11.3) 
(6,0) 13.7 (14.0) 14.6 (14.8) 0.0 (0.0) 0.0 (3.9) 14.2 4.6 0.6 0.0 (0.0) 
Zn
2+
(H2O)7      (4,3)_3D,DD_2AA,A 0.0 (6.5) 0.0 (6.5) 14.9 (9.6) 10.8 (5.5)     
(4,3)_2D,DD_AA,2A 4.1 (0.0) 4.1 (0.0) 23.6 (7.7) 18.0 (2.1)     
(4,3)_2D,2DD_3AA 10.1 (23.0) 10.2 (23.0) 17.9 (18.9) 18.1 (19.1)     
(5,2)_4D_2AbAb 0.2 (12.0) 0.1 (12.0) 0.0 (0.0) 0.0 (0.0)  0.0   







         Table 3.2. continued 




























(H2O)8  (4,4)_2D,2DD_2AA,2A 1.8 (0.0) 2.4 (0.1) 21.4 (12.5) 14.9 (6.1)     
(5,3)_3AA 0.0 (7.1) 0.0 (6.6) 0.0 (0.0) 0.0 (0.0)     
(6,2)_2D,DD_2AA 16.8 (23.5) 17.7 (23.9) 2.1 (1.7) 6.7 (6.3)     
(6,2)_4D_2AA 17.7 (25.0) 17.8 (24.6) 2.0 (2.2) 7.3 (7.5)     
Zn
2+
(H2O)9    (4,5)_D,3DD_2AA,3A 5.8 (0.0) 6.3 (0.0) 30.7 (14.6) 22.1 (6.0)     
(5,4)_4AbAb 0.0 (10.3) 0.0 (9.8) 0.0 (0.0) 0.0 (0.0)     
(6,3)_6D_3AA 13.5 (27.9) 13.1 (26.9) 2.8 (7.0) 3.9 (8.0)     
(6,3)_4D,DD_3AA 16.9 (26.0) 16.7 (25.3) 4.5 (3.3) 7.2 (6.0)     
Zn
2+
(H2O)10                (4,6)_2AA,4A 3.5 (0.0) 4.4 (0.0) 26.9 (16.3) 18.6 (8.0)     
(5,5)_4AbAb,Aa 0.0 (7.1) 0.0 (6.2) 0.0 (0.0) 0.0 (0.0)     
(6,4)_4D,2DD_4AA 18.1 (35.5) 16.9 (33.5) 0.0 (10.3) 5.5 (15.9)     
a
 ΔG298 values given in parentheses.  
b  
Values are single point energies calculated at the level shown using a 6-311+G(2d,2p) basis set 
with geometries calculated at the B3LYP/6-311+G(d,p) level.  Zero point energy corrections are included.  
c 
Values reported by 
Pavlov et al.
18
 using a B3LYP/6-311+G(2d,2p)//B3LYP/LANL2DZ level of theory.  
d
 Values reported by Hartmann et al.
15
 using a 
B3LYP/SHA1//B3LYP/SHA3 level of theory.  
e 
Values reported by Bock et al.
14
 using a MP2(FC)/HUZSP*//RHF/HUZSP* level of 
theory.  
f
 Values reported by Lee et al.
16




Figure 3.1. Low energy isomers of Zn
2+
(H2O)6 calculated at the B3LYP/6-311+G(d,p) 
level of theory.







Figure 3.2.  Low energy isomers of Zn
2+











Figure 3.3. Low energy isomers of Zn
2+
(H2O)8 calculated at the B3LYP/6-311+G(d,p) 















this structure has a lower 298 K free energy than (4,1)_AA at the Bx levels.  Compared to 
the (5,0) structure, (5,0)_switch decreases the OZnO bond angle of the two waters 
whose hydrogen atoms are pointing vertical to the base of the square pyramid, whereas 
OZnO increases for the waters whose hydrogens are in the plane of the base. 
For n = 6, there are now three options for the size of the inner shell with (4,2), 
(5,1), and (6,0) configurations, where the latter has all six water ligands in the inner 
solvent shell in a pseudo-octahedral geometry.  These optimized structures are shown in 
Figure 3.1 and are comparable to geometries in previous reports.
14-18
  Bock et al. 
performed geometry optimizations and SPE calculations using a 
MP2(FC)/HUZSP*//RHF/HUZSP* level and found that the energy difference between 
(4,2)_2AA, (5,1)_AA, and (6,0) was less than 2 kJ/mol, Table 3.2.
14
  In contrast, Lee et 
al. found a larger energetic difference favoring the (6,0) structure by almost 17 kJ/mol 
over the (4,2)_2AA and (5,1)_AA structure using MP2/TZ2P//HF/TZ2P calculations.
16
  
As for the n = 5 complex, B3LYP results provide a much different ordering.  Pavlov et al. 
found a flexible coordination calculating the preference for (4,2)_2AA to be about 14 – 
21 kJ/mol whereas the (5,1)_AA and (6,0) differ from each other by about 1 kJ/mol using 
a B3LYP/6-311+G(2d,2p)//B3LYP/LANL2DZ level of theory.
18
  Hartmann et al. used a 
B3LYP/SHA3//B3LYP/SHA1 level of theory and found a preference toward the 
(4,2)_2AA complex by 4 – 5 kJ/mol over (5,1)_AA and (6,0).15  Pavlov et al. and Lee et 
al. also included an alternative (5,1)_A geometry, which was found to be about 5 kJ/mol 
lower in energy than (5,1)_AA at the B3LYP level
18
 but about 10 kJ/mol higher than 
(5,1)_AA at the MP2 level.
16




As for these previous results, we find energy differences among the three possible 
structures of the n = 6 complex calculated here to be relatively small, <14 kJ/mol, with 
the ground state changing from (4,2)_2AA for Bx to (6,0) for Mx calculations, Table 3.2. 
In the lowest energy (4,2)_2AA isomer, both second solvent shell water molecules bind 
to the inner solvent shell through two hydrogen bonds, Figure 3.1.  The (5,1)_AaAb 
structure binds the outer shell water molecule to the apex water and one water in the base, 
abbreviated with the “a” and “b” subscripts, respectively.  This arrangement necessitates 
rotation of one of the base water molecules, which disrupts some of the hydrogen 
bonding found in the (5,0) and (5,0)_switch structures. The (5,1)_Aa isomer has the sixth 
water singly hydrogen bound to the apex water of the square pyramid inner shell, such 
that it lies 9 – 14 kJ/mol above (5,1)_AaAb at 0 K, in contrast to the results of Pavlov et 
al.  At 298 K, this excitation energy drops to 3 – 8 kJ/mol and the MP2(full) GS becomes 
the (5,1)_AaAb complex, whereas (6,0) becomes the M06 ground state, Table 3.2.  The 
(4,2)_2AA remains the GS for the Bx calculations at 298 K. 
Larger complexes, n = 7 – 10, were optimized using the same basic inner shell 
shapes.  As many of these complexes have similar hydrogen bonding in the second 
solvation shell, our nomenclature includes terms “D” or “DD” to describe an inner shell 
water that donates to a second shell water with one or two hydrogen bonds, respectively.  
For the n = 7 complex, the 4- and 5-coordinate zinc ion structures are isoenergetic with 
each other at the two Bx levels of theory, whereas Mx calculations favor the 5-coordinate 
inner shell.  These structures are shown in Figure 3.2.  In the (4,3)_3D,DD_2AA,A 
complex, the seventh water is added to the (4,2)_2AA complex such that it forms only 




formed for the second shell ligands in the (4,2)_2AA and (5,2)_4D_2AbAb complexes, as 
discussed further below.  The (4,3) complex forms three higher energy isomers.  Among 
these, the (4,3)_2D,DD_AA,2A, has two singly hydrogen-bound waters in the outer shell, 
where one of these is bound to an inner shell water that also binds the bridging second 
shell water.  Although this complex is 4 – 9 kJ/mol higher in energy than 
(4,3)_3D,DD_2AA,A at 0 K, it has a lower free energy at 298 K by 2 – 7 kJ/mol.  
Interestingly, the (4,3)_2D,2DD_3AA isomer is highest in energy even though all three 
second shell waters form two hydrogen bonds to the inner shell.  This is because the 
pseudo-tetrahedral inner shell must distort severely to allow the third second shell water 
to hydrogen bond to inner shell waters already binding the other second shell water 
ligands.  The (5,2)_4D_2AbAb structure of the n = 7 complex has both second shell 
waters doubly bound across from each other to the base of the square pyramid and is 
comparable in geometry to the complex reported by Hartmann et al.
15
  No high energy 
isomers for the (6,1)_AA structure were investigated in the present work, as Pavlov et al. 
reported a slight preference for the seventh water being doubly hydrogen bonded to the 
octahedral inner shell instead of a single hydrogen bond, with these two isomers being 
very close in energy (<1 kJ/mol).
18
  A (7,0) complex was investigated here, but in 
agreement with the work of Hartmann et al.,
15
 the (7,0) structure would always rearrange 
to the (6,1)_AA during optimization.  Both of these previous studies neglected 
calculations of the (4,3) complexes. 
In the Zn
2+
(H2O)8 complex, for which previous theoretical results are not 
available, the tetrahedral 4-coordinate structure rises in energy at 0 K and the square 




theory, Table 3.2.  This transition results from both distortions in the tetrahedral inner 
shell that result as the eighth water is added and to the fact that the eighth water must be 
singly hydrogen bonded whereas the (5,3)_3AA and (6,2)_2D,DD_2AA structures allow 
the eighth water to form two hydrogen bonds, Figure 3.3, thereby lowering the energies 
of these structures.  The (4,4)_2D,2DD_2AA,2A structure adds two singly hydrogen 
bonded water molecules to (4,2)_2AA.  At 298 K, these two singly bound second shell 
water ligands raise the entropy of this complex, such that this 4-coordinate structure is 
lowest in free energy at the Bx levels.  Three (5,3) isomers were located with the lowest 
energy 0 K structure, (5,3)_3AA, having all three second shell waters doubly hydrogen 
bonded to the inner shell waters, with two connected to opposite pairs of base inner shell 
waters and the third connecting the apex water with a base water.  This structure is also 
lowest in free energy at the Mx levels.  The (6,2)_2D,DD_2AA and (6,2)_4D_2AA 
structures differ by less than 1 kJ/mol in energy, Table 3.2.  Both have two second shell 
waters doubly hydrogen bonded to the inner shell, but in the lower energy structure, one 
of the inner shell waters is shared by the second shell waters, whereas in (6,2)_4D_2AA, 
they use two different pairs of inner shell waters, Figure 3.3.  The former structure allows 
for the retention of more hydrogen bonding interactions among the inner shell waters.  At 
298 K, Bx calculations predict the six coordinate complexes to be much higher in free 
energy (23 – 25 kJ/mol), however, Mx calculations predict both (6,2) complexes to be 
only 2 – 7 kJ/mol higher in free energy. 
In Zn
2+
(H2O)9, the tetrahedral 4-coordinate structure again rises in energy relative 
to the (5,4)_4AbAb, which is the ground state geometry at all four levels of theory.  The 




hydrogen bonds to the inner shell forming a complex with D3 symmetry.  The lowest 4-
coordinate isomer found, (4,5)_D,3DD_2AA,3A, has two second shell waters doubly 
hydrogen bonded with the other three waters all singly hydrogen bonded to inner shell 
waters.  While the lowest 5-coordinate complex is the (5,4)_4AbAb with all 4 second shell 
waters forming two hydrogen bonds to the base of the square pyramid inner shell. 
Although this (5,4) structure is lowest in enthalpy at 0 K, its 298 K free energy is 10 
kJ/mol higher than the (4,5) at the Bx levels (6 and 15 kJ/mol lower at MP2 and M06, 
respectively).  The (6,3)_6D_3AA maximizes the distance between the second solvent 
shell waters such that no inner shell water is bound to two different second shell waters.  
The (6,3)_4D,DD_3AA complex is ~2 – 3 kJ/mol higher in energy than (6,3)_6D_3AA 
because one inner shell water is shared between two second shell waters.  At 298 K, 
(6,3)_4D,DD_3AA is now lower in free energy by about 2 – 4 kJ/mol because one inner 
shell water is not constrained by a H bound to a second shell water. 
For the Zn
2+
(H2O)10 complex, again the 5-coordinate inner shell structure, 
(5,5)_4AbAb,Aa is lowest in energy and can be formed by adding the tenth water singly 
hydrogen bonded to the apex water of the symmetric (5,4)_4AbAb structure.  However, 
the tetrahedral (4,6)_2AA,4A structure is relatively low in energy, has D2d symmetry, and 
can be formed by singly hydrogen bonding four second shell waters to the inner solvent 
shell of the (4,2)_2AA structure.  In (6,4)_4D,2DD_4AA, which has C2 symmetry, the 
second shell is orientated in such a way that two inner solvent shell water ligands must 
each share two different second shell waters, i.e., the binding motif illustrated in the 




Comparison to calcium water clusters.  In contrast to the ambiguity of the inner 
coordination shell of Zn
2+




 indicate that the 6-
coordinate inner shell is the clear ground state configuration, being lower in energy by 10 
– 23 kJ/mol compared to the 5-coordinate and lower by 24 – 47 kJ/mol compared to the 
4-coordinate, depending on the level of theory for the n = 6 complexes.  This assignment 
has now been confirmed by recent spectroscopic studies.
38
  The 6-coordinate structures 
remain the ground states for larger Ca
2+
(H2O)n complexes (up to n = 11) with structures 
similar to the lowest energy structures found here. The (6,2)_2D,DD_2AA and 
(6,2)_4D_2AA isomers are similar to the two lowest energy structures discussed 
previously for Ca
2+
(H2O)8, although there the (6,2)_4D_2AA structure is lower in energy 
by 2.2 – 2.6 kJ/mol. Also, the (6,3)_ 6D_3AA  structure was found to be the ground state 
structure of Ca
2+
(H2O)9.   
Interestingly, the calculated distances from the metal ion to the inner shell 
oxygens are 0.2 to 0.4 Å larger for Ca
2+
 compared to Zn
2+
 for all complex sizes.  This 




, 1.05 and 0.78 Å, 
respectively,
39
 which can be attributed to the higher nuclear charge of Zn
2+
 with the 
additional ten electrons added to the 3d core orbitals.  Compared to Ca
2+
, which has a rare 
gas electron configuration, the ambiguity of the most stable inner shell for zinc can be 
understood in part by the 18 e
─
 rule, which is satisfied by Zn
2+
(H2O)4, lending this inner 
shell enhanced stability compared to those where more waters are directly bonded to the 
metal ion. 
CID cross sections.  Experimental cross sections for collision-induced 
dissociation with Xe were acquired for Zn
2+




3.4.  In all cases, the dominant reactions are the loss of a single water molecule, reaction 
3.1, followed by loss of additional water molecules as the translational energy increases.  
The smallest zinc water complex observed was Zn
2+
(H2O)3, Figures 3.4b and 3.4c, which 
has a cross section that is considerably smaller than that of the Zn
2+
(H2O)4 product.  In 
addition, the energy gap between the onsets of these two product ions is considerably 
larger than between any other pair of sequential products.  These observations suggest 
that the Zn
2+
(H2O)4 complex is particularly stable and may provide a clue as to the inner 
solvent shell of Zn
2+





are also observed and shown as the total “charge separation” cross section in Figures 3.4a 
– d. These processes are discussed in detail in the following chapter.  For the purposes of 
the present work, it is important to note that the Zn
2+
(H2O)7 complex dissociates by 








(H2O)3 + Xe (3.3) 
Because the charge separation process 3.3 is energetically more favorable than the 
competing water loss reaction, competition between these channels shifts the apparent 
water loss threshold to higher energies.  Including this competition for n ≤ 7 is necessary 
when extracting accurate threshold energies, as discussed in detail in Chapter 4. 
Thermochemical results. Cross sections for the primary and secondary dissociation 
products were analyzed using eqs 2.3 and 2.4 and the sequential dissociation model (eq. 










































Figure 3.4. CID cross sections for the sequential water loss (open symbols) and charge 
separation processes (line) for Zn
2+
Wn where n = 7 – 10 and W = H2O (parts a – d, 
respectively) colliding with Xe at 0.2 mTorr as a function of energy in the laboratory 
(upper x-axis) and center of mass (lower x-axis) frames.   
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Figure 3.4. continued 
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Energy ( eV, CM )
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Threshold E0 values were determined for the primary dissociation of each complex from 
modeling with (eq 2.4) and without (eq 2.3) including RRKM theory. The difference 
between these results is the kinetic shift, which is appreciable for all complexes.  The 
kinetic shifts for the water loss channels gradually increase as the complex gets larger. 
Notably, cross sections could not be reproduced with fidelity in the threshold region 
when fitting the water loss channels with eq 2.3, whereas including RRKM theory in eq 
2.4 allows the kinetic energy dependence of the cross sections to be modeled accurately 
over a wide range of energies.   
One complication with the analyses conducted here is that the results depend on 
the isomers assumed for the reactants and products.  It should be realized that these 
changes in the threshold values are not a result of experimental error, but of the 
ambiguity in the theoretical calculations regarding the GS structures of the reactant and 
product complexes.  Because theory provides ambiguous guidance about which isomers 
are favored, the analyses summarized in Table 3.3 include all pertinent permutations of 
the predicted EMs and TSs, as discussed below for each complex. 




(H2O)9, there are no charge separation 
processes competing with either the primary or secondary water loss channels, Figure 
3.4.  For both complexes, the primary water loss dissociation is modeled simply by using 
eq 2.4 and the secondary water loss is modeled by introducing the sequential dissociation 
model using eq 2.6.  A representative model is shown in Figure 3.5a for the sequential 
dissociation of Zn
2+
(H2O)9, assumed to have the (5,4)_4AbAb ground state geometry, or 




















 103 (3) 1.0 (0.1) 0.58 (0.04) 0.44 (0.03) 12 (4) 
 (5,5) (5,4)
c
 102 (4) 1.1 (0.1) 0.58 (0.07) 0.44 (0.06) 12 (4) 
  (5,3)
c
 83 (5) 1.1 (0.1)  1.17 (0.03)  
 (5,5) (5,4)
d
 103 (4) 1.0 (0.1) 0.58 (0.04) 0.44 (0.03) 12 (4) 
  (6,3)
 d,e
 103 (4) 1.0 (0.1)  0.48  10 (4) 
 (5,5) (5,4)
 d
 103 (3) 1.0 (0.1) 0.58 (0.04) 0.44 (0.03) 12 (4) 
  (4,5)
 d,f
 103 (3) 1.0 (0.1)  0.50 80 (4) 
 (5,5) (4,5)
c
 101 (4) 1.1 (0.1) 0.55 (0.07) 0.47 (0.06) 79 (4) 
  (5,3)
c
 84 (5) 1.1 (0.1)  1.14 (0.03)  
 (5,5) (4,5)
c
 101 (4) 1.1 (0.1) 0.55 (0.07) 0.47 (0.06) 79 (4) 
  (4,4)
c
 84 (5) 1.1 (0.1)  1.13 (0.03)  
 (4,6) (5,4)
 d
 103 (3) 1.0 (0.1) 0.64 (0.04) 0.38 (0.03) -50 (4) 
  (4,5)
 d,f
 103 (3) 1.0 (0.1)  0.44 16 (4) 
9 (5,4) (5,3)
 b
 92 (8) 0.9 (0.2) 0.42 (0.10) 0.55 (0.08) 54 (8) 
 (5,4) (5,3)
 c
 92 (6) 0.9 (0.2) 0.40 (0.08) 0.57 (0.06) 57 (8) 
  (4,3)
 c
 58 (17) 0.9 (0.2)  1.31 (0.09)  
 (5,4) (5,3)
c
 93 (6) 0.9 (0.2) 0.39 (0.08) 0.58 (0.06) 56 (8) 
  (5,2)
c
 58 (17) 0.9 (0.2)  1.30 (0.09)  
 (5,4) (5,3)
 d
 92 (8) 0.9 (0.2) 0.42 (0.10) 0.55 (0.08) 54 (8) 
  (6,2)
 d,e
 92 (8) 0.9 (0.2)  0.62 75 (8) 
 (5,4) (5,3)
 d
 92 (8) 0.9 (0.2) 0.42 (0.10) 0.55 (0.08) 54 (8) 
  (4,4)
 d,f
 92 (8) 0.9 (0.2)  0.57 90 (8) 
 (4,5) (5,3)
 d
 91 (8) 0.9 (0.2) 0.50 (0.10) 0.47 (0.08) -8 (8) 
  (4,4)
 d,f
 92 (8) 0.9 (0.2)  0.49 28 (8) 
 (4,5) (4,4)
b
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 67 (6) 0.8 (0.2) 0.34 (0.09) 0.71 (0.07) 65 (8) 
 (5,3) (4,3)
 c
 68 (5) 0.8 (0.2) 0.33 (0.08) 0.72 (0.06) 67 (9) 
  (4,2)
 c
 48 (5) 0.8 (0.2)  1.68 (0.06)  
 (5,3) (5,2)
 d
 66 (6) 0.8 (0.2) 0.37 (0.09) 0.68 (0.07) 55 (8) 
  (4,3)
 d,e
 66 (6) 0.8 (0.2)  0.79  65 (8) 
 (5,3) (4,3)
 d
 67 (6) 0.8 (0.2) 0.34 (0.09) 0.71 (0.07) 65 (8) 
  (5,2)
 d,f
 67 (6) 0.8 (0.2)  0.71  54 (8) 
 (4,4) (4,3)
 d
 66 (6) 0.8 (0.2) 0.39 (0.09) 0.66 (0.07) 22 (8) 
  (5,2)
 d,f
 66 (6) 0.8 (0.2)  0.66  11 (8) 
 (4,4) (5,2) 
b
 65 (6) 0.8 (0.2) 0.44 (0.09) 0.62 (0.07) 17 (8) 
7 (4,3) (4,2)
 b
 58 (5) 0.7 (0.2) 0.20 (0.10) 0.89 (0.06) 18 (7) 
 (4,3) (4,2)
 c
 58 (7) 0.8 (0.2) 0.21 (0.11) 0.88 (0.07) 19 (10) 
  (4,1)
 c
 37 (10) 0.8 (0.2)  2.02 (0.09)  
 (5,2) (6,0)
 c
 58 (7) 0.8 (0.2) 0.19 (0.11) 0.90 (0.07) 63 (10) 
  (5,0)
c
 37 (10) 0.8 (0.2)  2.00 (0.09)  
 (5,2) (5,1)
 c
 58 (7) 0.8 (0.2) 0.14 (0.11) 0.95 (0.07) 76 (10) 
  (5,0)
 c
 37 (10) 0.8 (0.2)  1.98 (0.09)  
 (5,2) (6,0)
 d
 58 (5) 0.7 (0.2) 0.18 (0.10) 0.91 (0.06) 62 (7) 
  (4,2)
 d,e
 58 (5) 0.7 (0.2)  0.95  28 (7) 
 (5,2) (6,0)
 d
 57 (5) 0.7 (0.2) 0.16 (0.10) 0.92 (0.06) 62 (7) 
  (5,1)
 d,e
 57 (5) 0.7 (0.2)  0.96 73 (7) 
 (4,3) (4,2)
 d
 58 (5) 0.7 (0.2) 0.20 (0.10) 0.89 (0.06) 18 (7) 
  (5,1)
 d,f





 58 (5) 0.7 (0.2) 0.28 (0.10) 0.81 (0.06) -29 (7) 
  (5,1)
 d,f
 58 (5) 0.7 (0.2)  0.90  18 (7) 
a 
Uncertainties in parentheses.  
b 
Single channel modeling using eq 2.4.  
c 
Sequential 
dissociation modeling using eqs 2.4 and 2.6.  
d





Difference between the higher and lower energy threshold is given by MP2(full) results 
for respective complex sizes.  
f 
Difference between the higher and lower energy threshold 
is given by Bx results for respective complex sizes.  
g 


























Figure 3.5. Zero pressure extrapolated cross sections for the CID of Zn
2+
(H2O)9 (part a) 
and Zn
2+
(H2O)10 (part b) with Xe.  Solid lines show the best fits to both the primary and 
secondary water loss using eqs 2.4 and 2.6 convoluted over the kinetic and internal 
energy distributions of the neutral and ion.  Dashed lines show the absence of 
experimental kinetic energy broadening for reactions with an internal energy of 0 K.  In 
part b, the relative energy between the (5,4) and (4,5) products is set to the 0.06 eV value 
from Bx calculations.  Optimized parameters for these fits are found in Table 3.3. 
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energy isomer of each inner solvent shell). We find that the primary thresholds obtained 
are independent of whether the sequential dissociation channel is included in the 
modeling or not, Table 3.3.  However, small differences are observed depending on the 
isomers assumed for the reactants and products.  If the Zn
2+
(H2O)10 data are analyzed 
using molecular parameters appropriate for the (5,5) isomer dissociating to (5,4) + H2O, 
then the threshold is 0.44 ± 0.03 eV, whereas dissociation to (4,5) + H2O yields a slightly 
higher threshold of 0.47  ± 0.06 eV, and a (4,6) → (5,4) + H2O dissociation gives a lower 
threshold by 0.06 eV.  Likewise, analysis of Zn
2+
(H2O)9 data assuming a (4,5) reactant 
has a threshold that is 0.08 eV lower than the (5,4) reactant, Table 3.3.  These changes in 
measured thresholds are the result of differing kinetic shifts in all cases.  When the 
reactants have four inner shell water ligands, there are more outer shell waters with lower 
torsional frequencies, which leads to a higher density of states and a much lower entropy 
of activation (by 60 J/mol K, Table 3.3) than when the reactants have a five water inner 
shell.  Because of this restriction, the rates of dissociation decrease thereby increasing the 
kinetic shift and lowering the 0 K threshold for the four water inner shell complexes.  
Overall, there is no experimental means of ascertaining which interpretation of the data is 
preferred, so multiple values are discussed below in comparison to theoretical bond 
energies. 
In the analyses discussed above, it was assumed that a single reactant isomer 
dissociates to a single product isomer, whereas several product isomers could 
conceivably be formed from any reactant.  To consider this, we analyzed the data 




several dissociation channels (each leading to a product having the same mass) compete, 
as modeled using eq 2.4.  In these “composite” models, the energy difference between 
product channels was fixed at the theoretical difference calculated at either the Bx (an 
average of B3LYP and B3P86) or MP2(full) levels.  This method of analysis may better 
describe changes in the kinetic shift resulting from different entropies and densities of 
states of each product channel.  A representative model is shown in Figure 3.5b for the 
composite fitting of (5,5) dissociating to both (5,4) + H2O and (4,5) + H2O using the Bx 
predicted relative energy of 0.06 eV between these two product channels.  Dissociation to 
(5,4) is the lowest energy pathway; however, above about 0.85 eV, the (4,5) product 
dominates, Figure 3.5b, because it has a larger number of states resulting from the singly 
hydrogen bonded outer shell water ligand.  Thus, the (5,5) → (4,5) + H2O dissociation is 
faster according to RRKM rate theory and will have a smaller kinetic shift than the (5,5) 
→ (5,4) + H2O dissociation.  Although the (4,5) product channel does not directly affect 
the threshold, it controls the high energy shape of the cross section, potentially 
influencing the N value in eq 2.4 used to reproduce the data, which could indirectly shift 
the measured threshold.  In practice, we find that such composite fits of the data do not 
lead to significant shifts in the N values or measured thresholds (in all cases, changes in 
E0 of less than 0.01 eV, Table 3.3).  Thus, composite fits may very well be more accurate 
representations of the dissociation phenomena occurring but do not influence the 
thermochemistry derived. 
In our analysis of the Zn
2+
(H2O)10 data, the difference between the primary and 
secondary thresholds is 0.73 ± 0.03 eV when treated as (5,5) → (5,4) + H2O → (5,3) + 2 




0.03 eV when treated as (5,5) → (4,5) + H2O → (4,4) + 2 H2O.  Analysis of the 
Zn
2+
(H2O)9 data yields a primary – secondary threshold difference of 0.74 ± 0.09 eV 
when treated as (5,4) → (5,3) + H2O → (4,3) + 2 H2O.  These threshold energy 
differences are more precise than the differences in the absolute threshold energies listed 
in Table 3.3 because several systematic uncertainties cancel.  The latter value of 0.74 ± 
0.09 eV agrees well with that obtained from the 0.71 ± 0.07 eV threshold for the primary 
dissociation processes, reaction 3.1 modeled as (5,3) → (4,3) + H2O.  In contrast, the 
primary-secondary threshold difference for n = 10 of  0.73 ± 0.03 eV is higher in energy 
than the 0.55 ± 0.08 eV value given by the primary dissociation of n = 9, reaction 3.1 
modeled as (5,4) → (5,3) + H2O.  Likewise, the 0.67 ± 0.03 and 0.66 ± 0.03 eV threshold 
differences are similarly higher than the primary threshold when modeled in a self-
consistent manner, namely as (4,5) → (5,3) + H2O and (4,5) → (4,4) + H2O, respectively.  
This result is discussed further below.   





(H2O)7 considering various reactant and product isomers yields similar results as the 
n = 9 and 10 complexes.  The (4,4) → (4,3) + H2O dissociation yields an E0 value that is 
0.05 eV lower than the (5,3) → (4,3) + H2O dissociation, which has a threshold of 0.71 ± 
0.07 eV.  As for the larger complexes, this increase is a result of the larger number of low 
torsional frequencies of the (4,4) compared to the (5,3) reactant, such that the entropy of 
activation decreases by 40 J/mol K, Table 3.3.  We also find that a (5,3) → (5,2) + H2O 
pathway has a lower threshold than (5,3) → (4,3) + H2O by 0.03 eV, because the former 
product is more constrained than the latter (with a change in the entropy of activation of 




threshold and entropy of activation of 0.62 ± 0.07 eV and 17 ± 8 J/mol K, respectively, 
because this dissociation involves the loosest reactant dissociating to the most 
constrained product. 
More dissociation pathways were analyzed for the dissociation of Zn
2+
(H2O)7 
because theory predicts multiple low energy structures of the reactant and product.  
Comparing the (4,3) → (4,2) + H2O dissociation, which has an E0 value of 0.89 ± 0.06 
eV, (5,2) → (6,0) + H2O is only 0.01 – 0.03 eV higher in energy (depending on whether a 
composite analysis is used and what the higher energy channel is), well within 
experimental uncertainty.  Lower in energy is the dissociation of (4,3)_2D,DD_AA,2A to 
the (4,2) complex having an E0 value of 0.81 ± 0.06 eV, a difference of 0.08 eV.  This 
shift is relatively large because two of the three second shell waters are singly hydrogen 
bonded in (4,3)_2D,DD_AA,2A, whereas only one of them is in (4,3).  This leads to a 
change in the entropy of activation of about 50 J/mol K.   
For sequential dissociation of Zn
2+
(H2O)8, modeled as (5,3) → (4,3) + H2O → 
(4,2) + 2H2O, the difference between the primary and secondary thresholds yield 0.96 ± 
0.06 for the dissociation energy of Zn
2+
(H2O)6-H2O. This value agrees with the threshold 
value obtained from the primary dissociation process of Zn
2+
(H2O)7 modeled as (4,3) → 
(4,2) + H2O, 0.89 ± 0.06 eV.  In this system, derivation of accurate thermochemistry 
requires that the modeling should take into account the competition between the water 
loss and charge separation processes using eq 2.4.  This is described fully in the 
following chapter. 
In our analysis of the sequential dissociation of Zn
2+
(H2O)7, a number of reactant 




(4,1) + 2H2O, the difference between the primary and secondary thresholds is 1.13 ± 0.05 
eV.  When modeled as (5,2) → (6,0) + H2O → (5,0) + 2H2O, the difference between the 
primary and secondary E0 values is 1.10 ± 0.05 eV, within experimental uncertainty.  
However, the difference between the primary and secondary thresholds is 1.03 ± 0.05 eV, 
0.10 eV lower in energy, when the data are analyzed assuming (5,2) → (5,1) + H2O → 
(5,0) + 2H2O.  Examination of Table 3.3 shows that this difference is a result of small 
changes in both the absolute primary (by 0.07 eV) and secondary (by 0.04 eV) 
thresholds.  In both cases, the differences in the thresholds can be traced to changes in the 
kinetic shifts associated with the varying reactant and product isomers.  For this 
secondary threshold, no primary threshold for the dissociation of Zn
2+
(H2O)6 is available 
for the comparison as charge separation limits the size of the reactants to n ≥ 7. 
Experimental bond enthalpies: primary and secondary values.  Table 3.4 lists 
experimental 0 K hydration energies that are equated with the primary threshold energies 
and differences between the secondary and primary threshold energies, all taken from 
Table 3.3.  Theoretical 0 K hydration energies calculated here at three levels of theory 
and from the literature are shown for comparison.  The reactant and product isomers 
chosen for comparison in Table 3.4 are based on the relative 298 K free energies and 0 K 
enthalpies given in Table 3.2.  For a primary threshold energy, the reactant isomer is 
assumed to be the 298 K GS (as this species should have the dominant population in a 
thermally equilibrated source) and the product isomer is the 0 K GS (as our threshold 
analysis is dominated by the lowest 0 K enthalpy species, Figure 3.5b).  In contrast, the 
secondary thresholds correspond to the 0 K primary product GS isomer dissociating to 






Table 3.4.  Comparison of experimental 0 K bond energies (kJ/mol) to theoretical values.  Values in bold highlight the experimental 
threshold energies interpreted on the basis of the corresponding theoretical value. 
 

































6 (4,2) (4,1) 98.4
f,g
 (3.9) 97.0 100.6 103.7 95.7  101.3 100.8
h
 95.0 
   109.0
g
 (4.8)         
 (6,0) (5,0) 94.6
f,g 
(3.9) 87.1 90.1 110.2 93.6 123.1
h
 91.2  110.9 
   105.8
g 
(4.8)         
7 (4,3) (4,2) 78.2
f
 (4.8) 79.8 82.5 78.3 76.5     
   92.6
g





 (4.8) 75.7 78.4 69.6 69.3     
 (5,2) (6,0) 79.2
f
 (4.8) 93.5 97.0 81.7 83.3     
 (6,1) (6,0)  75.1     76.6   
 (5,2) (4,2)  79.7      87.9  
8 (4,4) (4,3) 63.7
f
 (5.8)  74.8 77.0 76.4 72.7     
 (5,3) (4,3) 70.4
f
 (5.8) 75.8 78.6 96.3 86.3     
   71.4
g
 (8.7)         
 (5,3) (5,2) 67.5
f
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   69.5
g
 (8.7)         
9 (4,5) (5,3) 45.3
j
 (7.7) 65.6 66.8 49.5 50.9     
   64.6
g
 (2.9)         
 (5,4) (5,3) 53.1
j
 (7.7) 70.8 72.5 79.4 71.6     
   70.4
g
 (2.9)         
10 (4,6) (5,4) 36.7
j
 (2.9) 57.2 58.1 34.3 40.2     
 (5,5) (5,4) 42.5
j
 (2.9) 60.6 62.4 61.5 59.0     
a
 Geometry optimizations calculated using a B3LYP/6-311+G(d,p) level and SPE values calculated with a 6-311+G(2d,2p) basis set 
for each level.  ZPE and cp corrected.  
b




 Values reported 









 Values reported by Lee et al.
16
 using MP2/TZ2P//HF/TZ2P.   
f
 Values including competitive shift 
reported in Chapter 4.  
g
 Sequential dissociation model using eqs 2.4 and 2.6.  
h
 No counterpoise correction.  
i 
(4,3)_2D,DD_AA,2A 
isomer.    
j




interpretation of the data.  In Table 3.4, values in bold highlight the experimental 
threshold energy and its corresponding theoretical value. 
For the n = 6 bond enthalpies, which can only be obtained from secondary 
thresholds for dissociation of Zn
2+
(H2O)7 dissociating to Zn
2+
(H2O)5 + 2H2O, values were 
obtained including competition with the charge separation process, as accounted for and 
explained in the following chapter, and ignoring this competition.  For both possible 
reactant isomers, (4,2) and (6,0), the value that includes this competition is lower, ranging 
from 94 – 99 kJ/mol, and is our best measurement of the n = 6 hydration energy.  The 
energy difference between the values with and without competition is nearly constant, 10 
– 11 kJ/mol for the two isomers, and is a measure of the competitive shift in this case.   
Similar to the n = 6 complexes, the n = 7 complex exhibits a competitive shift of 
~14 kJ/mol for the (4,3) → (4,2) + H2O dissociation pathway, Table 3.4.  (Although not 
explicitly examined, it is expected that similar shifts would occur for any of the other 
combinations of reactant/product isomers for the n = 7 complex, as was observed for the 
n = 6 system.)  Note that the sequential energy listed for Zn
2+
(H2O)8 dissociating to 
Zn
2+
(H2O)6 + 2H2O, 0.96 ± 0.06 eV, agrees within experimental uncertainty with the 
primary dissociation threshold of Zn
2+
(H2O)7 that does not account for competition, 0.89 
± 0.06 eV, Table 3.3.  In both measurements, competition with charge separation has 
shifted the thresholds to higher energies.  As for the n = 6 complex, our best experimental 
hydration energies for n = 7 are those obtained from the analyses that include 
competition, here the primary thresholds.  These range from 71 – 79 kJ/mol, Table 3.4, 




The water loss dissociation channel of the n = 8 complex is not affected 
significantly by competition with the charge separation channel that occurs at this 
complex size.  Accordingly, the difference between 0 K hydration energies obtained from 
the primary and secondary dissociation channels are within 1 –  2 kJ/mol, well within 
experimental uncertainty.  These values range from 63 – 72 kJ/mol, Table 3.4, depending 
on reactant and product isomers. 
For the n = 9 complex, there is no charge separation channel competing with 
dehydration.  We measure a difference between the primary and secondary E0 values for 
the (5,5) → (5,4) + H2O → (5,3) + 2H2O process as 0.73 ± 0.03 eV, whereas the primary 
E0 value for (5,4) → (5,3) + H2O is lower, 0.55 ± 0.08 eV, Table 3.3.  The difference 
between these two measurements (0.18 eV) is outside of experimental uncertainty (0.11 
eV), and alternate isomer assumptions, (4,5) → (5,3) + H2O, yield similar results (see 
above).  One possible explanation for this difference hypothesizes that we are producing 
a distribution of isomers of these larger complexes in our ESI source.  For instance, 
isomers of the n = 8 – 10 complexes having a 4-coordinate inner hydration shell are 
calculated to lie 15, 22, and 19 kJ/mol, respectively, above the 5-coordinate GSs at the 
MP2(full) level of theory, Table 3.2.  According to the free energies of these species 
calculated at the MP2(full) level, a Boltzmann distribution at 298 K predicts the (4,5) 
structure to be 8% abundant.  The presence of these higher energy isomers in our reactant 
ion beams could lead to primary dissociation thresholds that are low by amounts up to 
these excitation energies.  However, using this example, if the n = 9 cross section is 
modeled assuming 92% (5,4) and 8% (4,5) isomers are present with an energy gap of 22 




0.04 eV from analysis where only the (5,4) reactant is present.  Notably, the relative Bx 
free energies of the (5,4) and (4,5) are reversed compared to the Mx energies, such that 
the (4,5) species would be calculated to comprise 98% of the reactant beam.  In this case, 
virtually no change in threshold would occur if 2% excited isomers in the reactant ions 
were included in the analysis.   
Unlike the primary dissociations, we don’t believe that the sequential energies are 
influenced by alternate isomers in the reactant beam.  This is because even if the reactant 
ions have a distribution of isomers, the primary and secondary thresholds are lowered by 
the same amount of energy, such that the relative measurement is unaffected.  It can also 
be noted that a distribution of primary product isomers, such as that shown in Figure 
3.5b, will not influence the absolute secondary threshold because the thermodynamics 
cannot be dependent on the pathway used to produce the secondary product from reactant 
ions.  From an experimental point of view, neither the primary threshold of 0.55 ± 0.08 
eV nor the secondary threshold of 0.73 ± 0.03 eV can be discounted as a valid 
measurement for the (5,4) → (5,3) + H2O process. 
Comparison of experimental and theoretical bond energies. Figures 3.6a and 3.6b 
are direct comparisons of experimental and theoretical 0 K hydration energies from Table 
3.4.  Figure 3.6a has experimental data interpreted using Bx predicted GS isomers 
compared to Bx theoretical hydration energies and Figure 3.6b compares the values 
obtained from Mx predicted isomers.  As discussed above, there is no primary value for n 
= 6 as this complex cannot be formed in the ESI source because of the charge separation 
process, and there is no secondary value for n = 7 because competition with the charge 











































Figure 3.6. Comparison of experimental (solid symbols) and theoretical (open symbols) 
hydration enthalpies at 0 K for Bx (part a) and Mx (part b) results.  All theoretical results 
shown are counterpoise corrected.  The (4,3)* isomer corresponds to 
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found for n = 6, for all reactant and product isomers, but only when the effects of 
competition are included, Table 3.4, which verifies the importance of including the 
competitive shifts as analyzed in Chapter 4.  This more sophisticated modeling is 
necessary to obtain accurate hydration energies for this complex size, yielding 98.4 ± 3.9 
kJ/mol using the Bx predicted (4,2) isomer and 94.6 ± 3.9 kJ/mol for the Mx predicted 
(6,0) reactant.  Both methods of data analysis give excellent agreement to their respective 
levels of theory with MADs (mean absolute deviations) between experiment and three of 
the four levels of theory: 1.8 kJ/mol for the Bx (4,2) isomer and 1.0 kJ/mol for the 
MP2(full) (6,0) reactant.  In contrast, the M06 level predicts a binding energy for (6,0) 
that is 15.6 kJ/mol higher in energy than experiment and 16.6 kJ/mol higher than 
MP2(full).  Overall, neither theory nor the precision of the data analysis allows an 
unambiguous determination of which isomer is the true ground state.  Therefore, we 
show both individual dissociation pathways in Figures 3.6a and 3.6b. 
Similar to the n = 6 dissociation, the experimental 0 K hydration energies for the 
different isomers of n = 7 vary between the (4,3)_2D,DD_AA,2A and (5,2) reactant 
species predicted by Bx and Mx, respectively.  The (4,3)_2D,DD_AA,2A dissociation is 
lower by 8 kJ/mol, compared to the (5,2) dissociation, a difference that is attributed to a 
change in the kinetic shift as discussed above.  The (4,3)_2D,DD_AA,2A dissociation 
gives reasonable agreement with Bx theory, MAD of 5.7 kJ/mol, Figure 3.6a.  Threshold 
results interpreting the data using the (5,2) reactant also gives excellent agreement to Mx 
theory with a MAD of 3.3 kJ/mol, Figure 3.6b, within experimental uncertainty. 
As for the n = 7 results, the 0 K hydration energies for the various isomers of n = 




pathways are considered because the primary process is assumed as the lowest 298 K free 
energy reactant dissociating to the lowest 0 K product, but the secondary process is the 
lowest energy 0 K dissociation.  In this case, Bx results predict a (4,4) → (4,3) + H2O 
primary process and a (5,3) → (4,3) + H2O secondary process with MADs of 12.2 and 
5.8 kJ/mol, respectively.  The Mx GS structure results are less ambiguous at the larger 
complex sizes, predicting the (5,3) → (5,2) + H2O for both the primary and secondary 
processes, Figure 3.6b.  The differences in these thresholds from MP2(full) theory are 7.9 
and 5.9 kJ/mol, respectively, and increase to 13.9 and 11.9 kJ/mol for M06 theory, 
respectively. Overall, neither theory nor experiment are able to definitively ascertain 
which reactants or dissociations are truly active.   
For the larger n = 9 and 10 water complexes, experimental E0 values obtained 
using eq 2.4 assuming a five-water inner solvent shell for the reactants differ from 
theoretical results by 16 – 26 kJ/mol depending on the level of theory used to interpret the 
data.  However, when the data are analyzed assuming a (5,5) → (5,4) + H2O → (5,3) + 
2H2O dissociation pathway, predicted by both Bx and Mx, the relative secondary 
threshold obtained yields a binding energy for n = 9 that is in excellent agreement with 
theory, with a MAD of only 4.3 kJ/mol.  This is in much better agreement with theory 
than the primary values.  The primary value predicted by Bx is the (4,5) → (5,3) + H2O 
dissociation, with a MAD of 20.9 kJ/mol, Figure 3.6a.  The Mx levels again predict the 
primary process as the 5-coordinate dissociation.  Although this is the same isomeric 
dissociation seen in the secondary value above, the primary process has a MAD of 22.5 
kJ/mol lower than the energy predicted by theory, Figure 3.6b.  Obviously the sequential 




several possible explanations.  As discussed above, higher energy isomers could be 
present in the reactant ion beams, leading to primary dissociation thresholds that are 
lower than the calculated bond energies for the GSs.  In particular for these larger 
complexes, it seems possible that rehydration of smaller complexes in the hexapole 
region of the source could place a water ligand in a more weakly bound outer solvent 
shell, e.g., (5,3,1).  As demonstrated in Chapter 4, there can be appreciable  barriers to 
rearrangement of such outer shell water molecules moving to more stable inner shell 
positions.  Another possible explanation is that thermalization of these larger complexes 
is not as complete as the smaller, more strongly bound complexes.  Indeed, analysis 
indicates that the primary threshold would agree with that derived from the secondary 
threshold if the n = 9 reactant had a temperature of 500 K.  However, such an analysis 
also necessitates lowering the N value such that the model no longer reproduces the data 
nearly as well, thereby discounting this hypothesis. Furthermore, a temperature of 500 K 
seems extraordinarily high for a source that has previously shown to produce thermalized 
ions.
37,40-42
  The third explanation is that theory is not accurately accounting for the 
partially filled second solvent shell seen in the 8 – 10 water complexes.  Rudolph et al. 
believed that the second hydration shell around Zn
2+
 is filled at n = 18 with an inner shell 
of 6, and any smaller structure with a partially filled second shell yielded a calculated 
binding enthalpy that would account for only 62 - 69% of the experimentally found single 
ion hydration enthalpy.
5
  However, the study by Rudolph et al. only performed 
calculations using HF and MP2 levels of theory (with a variety of smaller basis sets 
compared to those used here) on the n = 1 – 6 and 18 complexes.  On the basis of the 




than inner solvent shells of five and four for complexes up to n = 10, with the exception 
of the Mx results for the (6,0) complex.  Pavlov et al. also addressed the importance of a 
filled second solvent shell for accurate binding energies and inner shell size prediction.  
They concluded that larger cluster sizes of at least n > 12 were necessary to represent the 
dilute solutions found in spectroscopy experiments.
18
  The importance of the second 
hydration sphere in the calculation of both frequencies and SPEs is seen both in the 
literature and in the work presented here for n ≥ 8.  Investigations are ongoing as to 
whether an alternate basis set or theoretical approach will more accurately account for 
this partially filled second shell. 
For the n = 10 complexes, the primary processes are again much lower in energy 
than theory.  If the data are interpreted as a 4-coordinate reactant dissociating to a 5-
coordinate product (as predicted by Bx), the threshold, 36.7 ± 2.9 kJ/mol, has a MAD 
from theory of 20.9 kJ/mol, Figure 3.6a.  This value actually agrees within experimental 
uncertainty with values calculated at the Mx levels of theory, however, this level of 
theory strongly supports the 5-coordinate GSs, leading to internal inconsistency.  
Similarly, the (5,5) → (5,4) + H2O process supported by Mx has a threshold of 42.5 ± 2.9 
kJ/mol, with a MAD compared to theory of 17.8 kJ/mol, Figure 3.6b.  If a temperature of 
500 K for the reactant is used in the analysis, the threshold increases to 50.3 kJ/mol 
giving a MAD of 10.0 kJ/mol.  However, raising the temperature of the reactant means 
that the model fails to reproduce the data well and gives a threshold for n = 10 that is still 
lower in energy than that predicted by theory.  Because primary thresholds for both n = 9 
and 10 are low compared to theory, and the sequential value for n = 9 agrees, we do not 




Conversion from 0 K to 298 K thermodynamics. Using the vibrational frequencies 
and rotational constants of the zinc water clusters calculated at the B3LYP/6-311+G(d,p) 
level of theory discussed above, a rigid rotor/harmonic oscillator approximation was 
applied to convert the 0 K bond energies to 298 K hydration enthalpies, Table 3.5.  The 
uncertainties in these conversions are found by scaling the vibrational frequencies up and 
down by 10%.  This approximation may not be suitable for all cases because of the low 
frequency torsional motions.  Nevertheless, values appropriate for the GS species as 
determined from single point energies and free energies at both the Bx and Mx levels of 
theory were considered, as discussed above.  When looking at the different reaction 
pathways in Table 3.5, it can be noted that changes in the T∆S298 values are inversely 
related to changes in the kinetic shift from Table 3.3.  As the kinetic shift increases, the 
hydration energy decreases and both the entropy of activation and dissociation also 
decrease.   
Comparing the dissociation pathways selected for Figure 3.6a (those predicted by 
Bx), the free energy values (∆G298) decrease as the complex gets larger.  For the 
predicted primary dissociation pathways, the relative entropies of dissociation, T∆S298, 
change as (4,2) > (4,3)_2D,DD_AA,2A < (4,4) > (4,5) > (4,6), whereas the sequential 
secondary dissociations vary as (4,2) > (4,3) <  (5,3) > (5,4) > (5,5). In general, the 
T∆S298 value will increase as the relative number of states of the products increases or the 
number of states of the reactant decreases.  Because the T∆S298 values are calculated as 
the difference in the entropies of the product GS + H2O and reactant GS, variations in the 




Table 3.5.  Conversion of 0 K thresholds to 298 K enthalpies and free energies for water 
loss from Zn
2+
(H2O)n.  All values in kJ/mol with uncertainties in parentheses. 
 
a
 Experimental values from Table 3.4. 
b
 Values calculated from the vibrations and 
rotations calculated at the B3LYP/6-311+G(d,p) level.  Uncertainties found by scaling 
the frequencies up and down by 10%.  
c 









6 (4,2)  (4,1) 98.4 (3.9) 4.7 (0.4) 103.1 (3.9) 46.6 (1.0) 56.5 (4.1) 
 (6,0)  (5,0) 94.6 (3.9) 2.1 (0.5) 96.7 (3.9) 45.5 (1.4) 51.2 (4.1) 
7 (4,3)_
c (4,2) 71.4 (4.8) -1.0 (0.3) 70.4 (4.8) 17.9 (1.4) 52.5 (5.0) 
 (5,2)  (6,0) 79.2 (4.8) 6.2 (0.3) 85.4 (4.8) 39.1 (1.2) 46.3 (4.9) 
8 (4,4)  (4,3) 63.7 (5.8) 1.1 (0.3) 64.8 (5.8) 34.6 (1.6) 30.2 (6.0) 
 (4,4)  (5,2) 59.8 (5.8) 1.6 (0.2) 61.4 (5.8) 30.0 (1.1) 31.4 (5.9) 
 (5,3)  (4,3) 71.4 (5.8) 3.6 (0.6) 75.0 (5.8) 46.0 (1.2) 29.0 (5.9) 
 (5,3)  (5,2) 67.5 (5.8) 4.2 (0.4) 71.7 (5.8) 41.2 (1.1) 30.5 (5.9) 
9 (4,5)  (5,3) 45.3 (7.7) -1.4 (0.1) 43.9 (7.7) 20.7 (1.6) 23.2 (7.9) 
 (5,4)  (5,3) 53.1 (7.7) 2.6 (0.4) 55.7 (6.8) 40.6 (1.1) 15.1 (7.8) 
10 (4,6)  (5,4) 36.7 (2.9) -3.2 (0.04) 33.5 (2.9) 10.9 (1.4)  22.6 (3.2) 




reactant has more loose torsional frequencies compared to the product, the entropy of 
dissociation decreases.  An example of this is seen in the large decrease (28.7 kJ/mol) 
from the (4,2) to (4,3)_2D,DD_AA,2A dissociations.  Here the (4,3)_2D,DD_AA,2A has 
two single acceptor waters, “A”, in the second solvent shell and thereby has more low 
torsional frequencies than the (4,2) complex where both second shell waters form “AA” 
H-bonds.  Overall, the patterns in dissociation entropies parallel those for the entropy of 
activation (discussed above for n = 7 – 10).  Although the entropy of activation values are 
evaluated at 1000 K and do depend on details of the RRKM analysis, the variation in 
their values is also largely dependent on the changes in the vibrational frequencies of the 
EM and TS associated with solvent shell rearrangements. 
Now looking at the dissociations predicted by the Mx levels of theory found in 
Figure 3.6b, the trend in T∆S298 values can be explained using similar reasoning as that 
applied to the Bx predicted dissociations.  Because the inner solvent shell remains 
constant at five waters, the relative entropies of dissociation remain fairly constant with 
values varying as (6,0) > (5,2) ~ (5,3) ~ (5,4) > (5,5).  There is only a small decrease in 
the T∆S298 from the (6,0) to (5,2) reactants.  The latter complex undergoes an inner 
solvent shell rearrangement upon dissociation, which can have a more drastic affect on 
the T∆S298 value, as seen above.  However, both the (5,2) and (6,0) complexes have all 
water ligands bound relatively tightly with no singly hydrogen bound waters in the 
second shell, unlike the (4,3)_2D,DD_AA,2A complex. 





(H2O)n-1) of the water loss products are directly dependant 




shell bonding.  This emphasizes the need for careful analysis of all reaction dissociation 
pathways because of the ambiguous results of the theoretical calculations, especially in 
the cases where alternate isomers lead to changes in the kinetic shift large enough to alter 
the hydration energy. 
Conclusion 









(H2O)10 are determined using guided ion 
beam mass spectrometry.  Experimental and theoretical bond dissociation energies for the 
Zn
2+
(H2O)n (n = 6 - 10) show a steady increase in energy as each water is removed 
agreeing with an intuitive understanding of metal ion hydration.  Although the ESI source 
is limited to producing complexes of n ≥ 7, our sequential dissociation model is able to 
provide additional thermochemical information for n = 6.  Also, work has been 
performed analyzing the affect of the competition of the charge separation on the water 
loss thresholds, specifically those for the n = 7 and 6 binding energies (Chapter 4). 
An exhaustive and thorough search into the low energy structures of Zn
2+
(H2O)n, 
where n = 1 – 10, is reported and examines inner shell sizes of 4, 5, and 6.  We find 
B3LYP and B3P86 calculations predict a GS with an inner shell of 4 up to n = 8 where 
the GS switches to an inner shell of 5.  This transition to a larger inner shell is a result of 
distortions in the tetrahedral inner shell and the need to bind outer shell water ligands to 
the inner shell via single hydrogen bonds, both of which raise the energy of the 4-
coordinate structure relative to the 5-coordinate.  The average of the MADs between 
experiment and Bx theory reported in Figure 3.6a is 9.8 kJ/mol.  In contrast, M06 and 




of 6 for n = 6.  The average of the MADs between experiment and Mx theory in Figure 
3.6b is 11.0 kJ/mol.  This larger MAD is primarily because the M06 calculations 
generally overestimate the binding enthalpies, whereas the MAD between experiment 
and MP2(full) theory is 8.0 kJ/mol.  Thus, it appears that MP2(full) gives the best 
agreement between experiment and theory for the water loss dissociation energies.  For 
most values of n, both DFT and MP2 calculations show that all three inner shell sizes are 
close in energy and a distribution of all isomers is experimentally possible.  Because of 
this ambiguity, analysis of all dissociation pathways of the varying structures predicted 
by both levels of theory is carefully considered.  Changes in the structures of the EM and 
TS lead to changes in the kinetic shift of the dissociation.  Scrutiny of Figures 3.6a and 
3.6b shows that Bx and MP2(full) theory provide similar agreement with experiment for 
the n = 6 and 7 complexes, but the Bx theoretical predictions of (4,4) and (4,5) GSs for n 
= 8 and 9 are inconsistent with the data.  In contrast, the MP2 predictions of (5,3) and 
(5,4) GSs are in good agreement with our experimental results for n = 8 and 9.  Although 
not definitive at this point, these comparisons suggest that the structural predictions of 
MP2 theory are more reliable.  This means that most zinc complexes studied here have a 
5-coordinate inner hydration shell, with the exception being Zn
2+
(H2O)6 where all ligands 
are bonded directly to the metal ion.  Future work will look into the isomer distributions 
produced via ESI via a spectroscopic investigation of these complexes, which may better 
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CHAPTER 4 
AN EXPERIMENTAL AND THEORETICAL INVESTIGATION 
OF THE CHARGE SEPARATION ENERGIES OF HYDRATED 
ZINC (II): REDEFNITION OF THE CRITICAL SIZE 
Abstract 
 In the preceding chapter, the hydration energies of Zn
2+
(H2O)n complexes, where 
n = 6 – 10, were measured using threshold collision-induced dissociation (CID) in a 
guided ion beam tandem mass spectrometer (GIBMS) coupled with an electrospray 







(H2O)n-m-1, and the competition 
between this process and the loss of water.  The results demonstrate that charge 
separation processes occur at variable complex sizes of n = 6, 7, and 8, prompting a 
redefinition of the “critical” size for charge separation.  Experimental kinetic energy 
dependent cross sections are analyzed to yield 0 K threshold energies for the charge 
separation products and the effects of competition with this channel on the energies for 
losing one and two water ligands after accounting for multiple collisions, kinetic shifts, 
and energy distributions.  A complete reaction coordinate is calculated for the n = 7 








states for n = 6 - 8 are also compared to experimental threshold measurements for the 
charge separation processes. 
Introduction 
As detailed in the preceding chapter (Chapter 3), the zinc ion is required for the 
activation of certain proteins and metalloenzymes
1-3
 and is used heavily in industry as 
well.
4
  Because of its heavy usage, zinc is quickly infiltrating aqueous environments such 
that a complete understanding of the hydration of zinc(II) cations is essential to 
understand their behavior in aqueous environments.  Zinc coordination and hydration 
behavior has previously been studied using a variety of experimental and theoretical 
methods,
5-18
 as detailed in Chapter 3. 
In Chapter 3, the dissociation behavior of Zn
2+
(H2O)n complexes where n = 7 – 10 
was examined using guided ion beam tandem mass spectrometry (GIBMS).  In all cases, 





(H2O)n-1 + H2O (4.1) 
followed by sequential loss of additional water molecules.  Analysis of the kinetic energy 
dependence of these reactions provides the first experimental determinations of the 
hydration energies of zinc cation-water complexes.  Chapter 3 shows that accurate 
thermochemistry relies on including consideration of different isomers, specifically how 
many inner shell (x) versus outer shell (y) water ligands are present in the reactants and 
products.  These isomers are indicated by (x, y) nomenclature.  Competing with reaction 










(H2O)n-m-1   (4.2) 
This phenomenon has previously been examined using tandem mass spectrometry by 
Shvartsburg and Siu, who defined the critical size, ncrit, as “the maximum number of 
ligands at which dissociative charge transfer is competitive with simple ligand loss.”9  
They found a lower limit to the critical size of Zn
2+
 complexes of ncrit = 6, whereas 
Blades et al. found ncrit = 5, also using CID studies.
10
  Both reports suggest that the 
critical size depends directly on the second ionization energy of the metal.  In related 
work, Peschke et al. found that when NH3 vapor was added to Zn
2+
(H2O)n (n = 8 and 9), 
proton transfer to NH3 and the formation of ZnOH
+
(H2O)m occurred with a dominant 
product of m = 4. Further addition of NH3 vapor results in the formation of 
ZnOH
+
(NH3)m via ligand exchange.
6
 
In the present work, the competition between reactions 4.1 and 4.2 is examined, 
thereby providing more accurate thermodynamic information for both channels.  
Interestingly, we find that the charge separation process, reaction 4.2, is observed for 
complexes of n = 6, 7, and 8, which to our knowledge, is the first time such a variable 
critical size has been observed for any metal.  Given this ambiguity, we suggest that the 
energetics for reaction 4.2 can be used to provide a more exact definition of the critical 
size. 
Experimental and Theoretical Section 
Experimental procedures.  The experimental methods used to form Zn
2+
(H2O)n 
complexes and obtain their kinetic energy dependent cross sections for collision-induced 




Computational details.  Using the Gaussian03 package,
19
 vibrational frequencies, 
rotational constants, and energies were calculated for all reaction species. The tight 
transition states (TSs) of the charge separation processes were found through a series of 
relaxed potential energy scans along the likely reaction coordinate at a B3LYP/6-31G(d) 
level.
20-22
  Geometry optimizations and frequency calculations of the TSs and 
intermediates (INTs) were performed at a B3LYLP/6-311+G(d,p) level.  Here the 
vibrational frequencies of the TSs were found to have only one imaginary frequency, and 
all INTs were determined to be vibrationally stable.  These calculated frequencies and 
rotational constants were used in the RRKM thermochemical analysis discussed above, as 
well as for zero point energy (ZPE) conversions of theoretical bond dissociation energies 
to 0 K thermochemical values.  The vibrational frequencies were scaled by 0.989
23
 before 
being used in these analyses.  Using these geometries, single point energy (SPE) 




 levels with a 6-
311+G(2d,2p) basis set. 
Because of the importance of proton bound water clusters in the present study, the 
computational procedure used here was tested by comparison with results from a 







  For z = 3, the 0 K bond enthalpies calculated at the 
B3LYP, B3P86, and MP2(full) levels of theory are 86.1, 87.8, and 88.0 kJ/mol, 
respectively, which are in close agreement with the experimentally determined value of 
85.8 ± 5.4 kJ/mol.  For z = 2, the calculated 0 K enthalpies are 143.8, 149.2, and 138.7 
kJ/mol, respectively, where the MP2(full) value is in best agreement with the 




The ground states (GS) of the reactant zinc water complexes are taken from 
Chapter 3, which explored all possible low lying isomers of Zn
2+
(H2O)x(H2O)y, where x = 
1 – 4 and y = 0, x = 4 and y = 1 – 6, x = 5 and y = 0 – 5, and x = 6 and y = 0 – 4. 
Results and Discussion 
CID cross sections.  Experimental cross sections for collision-induced 
dissociation of Zn
2+
(H2O)n, where n = 7 – 10, with Xe are shown in Figure 4.1a – d and 
acquired as detailed in Chapter 3.  In all cases, the loss of a single water molecule, 
reaction 4.1, is the dominant process, followed by loss of additional water molecules as 
the translational energy increases.  There are three independent charge separation 







Figure 4.1a shows that the Zn
2+
(H2O)7 complex dissociates by charge separation 
in reaction 4.3 at lower energies than loss of a water molecule in reaction 4.1. 
 Zn
2+




(H2O)3 + Xe (4.3) 
However, despite having a lower apparent threshold, this process has a smaller cross 
section compared to that for water loss above about 0.4 eV.  On the basis of the 
magnitudes of the two cross sections, charge separation is an entropically disfavored 
reaction by a factor of about 6 near 1 eV.  This is consistent with the need to pass over 
the tight TS corresponding to the Coulombic barrier, whereas water loss involves a loose 
TS, as described in Chapter 2.  The cross section for reaction 4.3 initially decreases with 
energy and then rises near 0.2 eV. This behavior indicates that reaction 4.3 is 











































Figure 4.1.  CID cross sections for the sequential water loss (lines) and charge separation 
processes (symbols) for Zn
2+
Wn where n = 7 - 10 and W = H2O (parts a - d, respectively) 
colliding with Xe at 0.2 mTorr as a function of energy in the laboratory (upper x-axis) 
and center of mass (lower x-axis) frames.  Hydrated zinc hydroxide ion products are 
shown by solid symbols and protonated water complex products by open symbols. 
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(H2O)7 reactant that a fraction of the complexes dissociate readily at very low 
collision energies.  The magnitudes of the cross sections for the two charge separated 
products should be identical, but that for the protonated water cluster is smaller than for 
the hydrated zinc hydroxide, a result observed in most of the systems examined here and 
for other hydrated metal dications examined in our laboratory.  These differences must be 
a result of lower collection efficiency of the lighter product ion, which is particularly 
problematic in these systems because the charge separation products have appreciable 
kinetic energies resulting from the Coulombic repulsion once they pass over the Coulomb 
barrier.  Because the momentum of the two products must be equal, the lighter product 
has a higher energy by a factor corresponding to the mass ratio of the two products.  This 
has been qualitatively confirmed for the charge separation of Ca
2+
(H2O)2 by verifying 
that the ratio of the two singly charged products is sensitive to the focusing and 
transmission characteristics past the reaction region.  (Of course, in our apparatus as well 
as all others, there is no guarantee that the collection of all products is 100%, but the rf 
octopole surrounding the reaction region and the subsequent focusing optics have proven 
to efficiently transmit products in the majority of systems we have examined over several 
decades of experiments.  The discussion here points out that the light ion in the charge 
separation pair is particularly susceptible to losses because of its large kinetic energy 
release.  Indeed, the transmission studies performed on the Ca
2+
(H2O)2 system find that 
the magnitudes of the cross sections for water loss are invariant with focusing, those for 
the hydroxide ion product are affected slightly (by less than the 20% uncertainty in the 
absolute cross section magnitudes), whereas those for the hydrated hydronium ion 








In the dissociation of Zn
2+
(H2O)8, the lowest energy charge separation process 
observed is reaction 4.4. 
 Zn
2+




(H2O)3 + Xe (4.4) 
Here the cross sections for both ionic products agree in magnitude up to about 0.5 eV, 
Figure 4.1b.  The apparent threshold for this reaction is higher in energy than the 
apparent threshold for simple water loss in reaction 4.1, a result that can also be observed 
in Figure 4.1c.  The ZnOH
+
(H2O)4 product was not collected for Zn
2+
(H2O)10 (Figure 
4.1d) because of its very low intensity, near the detection limit.  The exothermic tail 




(H2O)3 product channels in Figure 4.1b is a result 
of multiple collisions and disappears once these cross sections are extrapolated to zero 
pressure (as demonstrated in a later section).  Because reaction 4.4 is now both 
thermodynamically and entropically disfavored compared with reaction 4.1, the 
magnitude of its cross sections is less than 1% of the magnitude of that for reaction 4.1, 
much smaller than the relative magnitudes of the corresponding products in Figure 4.1a.  
Above about 0.5 eV, the H
+
(H2O)3 cross section increases relative to the ZnOH
+
(H2O)4 
cross section, Figure 4.1b.  This increase in the H
+
(H2O)3 cross section matches the 
appearance of the ZnOH
+
(H2O)3 product, indicating the onset of reaction 4.3, the charge 
separation reaction from the primary Zn
2+
(H2O)7 product, which is much more efficient 








(H2O)3 make it very clear that reaction 4.3 does indeed have a lower threshold 
than the water loss channel, consistent with our conclusions above from Figure 4.1a.  
The cross sections of the ZnOH
+
(H2O)3 product ions in both Figures 4.1a and 
4.1b exhibit a second feature at higher energies beginning near 1 and 2 eV, respectively.  
This increase is not mirrored in the H
+





(H2O)2 cross sections under all conditions and for all complex sizes.  
The appearance of these higher energy features is much more obvious when the cross 
sections are viewed on a linear scale.  Multiple experiments were conducted to see 
whether these features might be an artifact, but no indications of this were found.  
Therefore, we conclude that this second feature is explained by the charge separation 








The apparent threshold of this charge separation process is lower in energy than the water 
loss dissociation to form Zn
2+
(H2O)5, Figure 4.1a and 4.1b, such that the magnitudes of 
the charge separated product cross sections are about 45% of that for water loss when 
comparing the respective maximum cross sections.  Because both charge separation 
processes 4.3 and 4.5 are energetically more favorable than the competing water loss 
reactions, the question of why smaller Zn
2+
(H2O)n complexes are seen in CID arises.  
These smaller clusters are formed because the sequential water loss channels are 
entropically favored.  The density of states is much higher for the water loss channels 
because of the loose water loss TS compared to the tight TS needed for charge separation.  




water loss channels are still a dominant process in the dissociation behavior even though 
energetically more costly. 
The cross section for ZnOH
+
(H2O)2 is seen in Figure 4.1b, but because of the 
small intensity of this product it was not collected for the other reactant ions in Figures 
4.1a, 4.1c, and 4.1d.  This cross section rises very slowly above about 1.0 eV, which 









or from the sequential loss of a water ligand from the ZnOH
+
(H2O)3 product formed in 
reactions 4.4 and 4.5.  This process is investigated further using theoretical calculations, 
as discussed below. 





(H2O)10 , Figures 4.1c and 4.1d, mirror the results found for the smaller complexes.  
As noted above, the results of Figure 4.1c clearly show that reaction 4.4 has a higher 
threshold energy than water loss from Zn
2+
(H2O)8, whereas reaction 4.3 has a lower 
threshold energy than water loss from Zn
2+
(H2O)7.  In Figure 4.1d, only the most intense 
charge separation products, those from reactions 4.3 and 4.5 are now observed. 
Thermochemical results. Cross sections for the primary and secondary 
dissociation products were analyzed using eq 2.4 or eqs 2.4 and 2.6 in several ways, with 
Table 4.1 summarizing the average modeling parameters used.  Threshold E0 values are 
given for the primary dissociation of each complex from modeling with eq 2.4, which 
















 67 (6) 0.8 (0.2) 0.71 (0.07) 65 (8) 
 TS[4 + 3]
b
  0.52 (0.2) 0.6 (0.2) 0.94 (0.07) 96 (5) 
 (4,3)
 b,c
 68 (5) 0.8 (0.2) 0.72 (0.06) 67 (9) 
 (4,2)
 b,c
 48 (5) 0.8 (0.2) 1.68 (0.06) 96 (5) 
 (4,3)
 d
 76 (4) 0.8 (0.2) 0.73 (0.06) 65 (10) 
 TS[4 + 3]
d 
 0.03 (0.01) 0.8 (0.2) 0.80 (0.05) 96 (5) 
 (4,3)
 e
 75 (3) 0.7 (0.1) 0.76 (0.04) 68 (9) 
 (4,2)
 e
 59 (9) 0.7 (0.1) 1.75 (0.05)  
 TS[4 + 3]
e
  0.010 (0.003) 0.7 (0.1) 0.78 (0.05) 96 (5) 
(5,3)  (5,2)
 b,c
 66 (6) 0.8 (0.2) 0.68 (0.07) 55 (8) 
 (5,2) 
d
 75 (4) 0.8 (0.2) 0.70 (0.06) 54 (10) 
 TS[4 + 3]
d
 0.01 (0.01) 0.8 (0.2) 0.77 (0.05) 96 (5) 
(4,4) (5,2)
 b,c
 65 (6) 0.8 (0.2) 0.62 (0.07) 17 (8) 
 TS[4 + 3]
b
 0.5 (0.2) 0.7 (0.2) 0.88 (0.07) 53 (5) 
 (5,2) 
d
 73 (4) 0.9 (0.2) 0.62 (0.06) 18 (10) 
 TS[4 + 3]
d
 0.01 (0.01) 0.9 (0.2) 0.69 (0.05) 53 (5) 
(4,4) (4,3) 
b,c
 66 (6) 0.8 (0.2) 0.66 (0.07) 22 (8) 
 (4,3) 
d
 76 (4) 0.9 (0.2) 0.66 (0.06) 65 (10) 
 TS[4 + 3] 
d
 0.03 (0.01) 0.9 (0.2) 0.73 (0.05) 53 (5) 
(4,3) (4,2)
 b,c
 58 (5) 0.7 (0.2) 0.89 (0.06) 18 (7) 
 TS[3 + 3]
b
  7 (1) 0.9 (0.2) 0.69 (0.05) 110 (5) 
 (4,2)
 b, c
 58 (7) 0.8 (0.2) 0.88 (0.07) 19 (10) 
 (4,1)
 b, c




Table 4.1. continued  







 63 (6) 0.9 (0.3) 0.81 (0.05) 17 (7) 
 TS[3 + 3]
d
  7E-6 (5E-6) 0.9 (0.3) 0.69 (0.06) 110 (5) 
 (4,2)
 e
 67 (4) 0.9 (0.1) 0.82 (0.05) 17 (9) 
 (4,1)
 e
 21 (12) 0.9 (0.1) 1.84 (0.08)  
 TS[3 + 3]
e





 58 (5) 0.7 (0.2) 0.81 (0.06) -29 (7) 
 TS[3 + 3]
b
 7 (1) 0.9 (0.2) 0.66 (0.06) 62 (5) 
 (4,2) 
d
 61 (6) 0.9 (0.3) 0.74 (0.05) -29 (7) 
 TS[3 + 3] 
d
 7E-6 (5E-6) 0.9 (0.3) 0.66 (0.06) 62 (5) 
(5,2) (6,0) 
b,c
 58 (7) 0.8 (0.2) 0.90 (0.07) 63 (10) 
 (5,0) 
b,c
 37 (10) 0.8 (0.2) 2.00 (0.09)  
 TS[3 + 3] 
b
 7 (1) 0.9 (0.2) 0.70 (0.05) 115 (5) 
 (6,0)
e
 65 (4) 1.0 (0.1) 0.82 (0.05) 61 (9) 
 (5,0)
e
 22 (12) 1.0 (0.1) 1.80 (0.08)  
 TS[3 + 3]
e
 6E-6 (3E-6) 1.0 (0.1) 0.69 (0.05) 115 (5) 
(5,2) (5,1) 
b,c
 58 (7) 0.8 (0.2) 0.95 (0.07) 76 (10) 
 (5,0) 
b,c
 37 (10) 0.8 (0.2) 1.98 (0.09)  
 (5,1)
e
 65 (4) 1.0 (0.1) 0.85 (0.05) 74 (9) 
 (5,0)
e
 20 (12) 1.0 (0.1) 1.79 (0.08)  
 TS[3 + 3]
e
 9E-6 (3E-6) 1.0 (0.1) 0.73 (0.05) 115 (5) 
a 
Uncertainties in parentheses.  Values in bold provide the best values and highlight 





Values reported in Chapter 3.
d 
Competitive dissociation modeling using eq 
2.4.      
e 




analysis is higher because of a kinetic shift.  The kinetic shifts for the charge separation 
reactions 4.3 and 4.4 are both about 0.1 eV.  Those for the water loss products are 
discussed in Chapter 3. 





(H2O)7 are influenced by the competition between the water loss and 
charge separation processes.  Modeling of these competitive reactions using eq 2.4 can 
also include the sequential dissociation of the primary product of the water loss channel 
through the incorporation of eq 2.6, which then includes the effects of competition felt by 
the secondary water loss.  Figures 4.2a and 4.2b show a representative model of the 
competitive dissociation of Zn
2+
(H2O)8 when analyzed as a Zn
2+
(H2O)5(H2O)3 or (5,3) 





(H2O)3 or TS[4 + 3], where the primary (4,3) product ion sequentially dissociates to 
(4,2) + H2O products.  (At present, the computational machinery used for our data 
analysis, the CRUNCH program, is not capable of performing a competitive analysis of a 




(H2O)7 + H2O  Zn
2+
(H2O)6 









(H2O)3.)  In order to determine the competitive shift, the threshold values obtained in 
this work are compared to the values where competition is not accounted for, as reported 
in Chapter 3.  In the competitive analyses, it is found that whichever process has the 
lower energy threshold is essentially unaffected by the competition regardless if the TS is 
loose (water loss) or tight (charge separation).  Thus, reaction 4.1 for Zn
2+
(H2O)8 has a 
threshold of 0.71 – 0.76 eV when modeled as a (5,3)  (4,3) + H2O dissociation no 










































Figure 4.2. Parts a and b show the zero pressure extrapolated cross sections for the CID 
of Zn
2+
(H2O)8 with Xe.  Solid lines show the best fit to both the primary and secondary 
water loss and the competing charge separation product ion using eqs 2.4 and 2.6 
convoluted over the kinetic and internal energy distributions of the neutral and ionic 
reactants.  Dashed lines show the models in the absence of experimental kinetic energy 
broadening for reactants with an internal energy of 0 K.  Optimized parameters for the fit 
in part a are found in Table 4.1, where the five vibrations of the product of reaction 4.2 
were treated as rotational degrees of freedom during the analysis.  Part b shows the fit 
where the five degrees of freedom were treated as vibrations and the high energy region 
is not described accurately.  
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energy charge separation channel shows a competitive shift of 0.14 – 0.16 eV.  In 
contrast, analysis of Zn
2+
(H2O)7 dissociation (when modeled as (4,3)  (4,2) + H2O  
(4,1) + 2H2O competing with (4,3)  TS[3 + 3]) finds that the lower energy charge 
separation channel has a threshold of 0.69 eV for all modeling conditions, whereas the 
threshold for reaction 4.1 shifts down by about 0.06 eV when competition is included 
(and that for the secondary water loss channel shifts down by 0.18 eV). 
As noted in Chapter 3, theory yields ambiguous results regarding the GS of the 
Zn
2+
(H2O)n complexes.  Because a distribution of reactant and product GS isomers may 
be possible, the water loss dissociation pathways were analyzed with several assumed 
dissociation pathways (as described in detail in Chapter 3).  Depending on the isomers 
chosen in the data analysis, the kinetic shift may change slightly leading to a change in 
the E0 threshold for dissociation.  Although the structures of the calculated charge 
separation tight TSs do not depend on the reactant isomer, the reactant isomer chosen for 
data analysis will affect the kinetic shift.  As previously discussed in Chapter 3, 
complexes like (4,4), (4,3), and (4,3)_2D,DD_AA,2A have larger densities of states than 
their counterparts with more inner shell water molecules because the additional outer 
shell waters have lower torsional frequencies. Thus, these reactants increase the time for 
dissociation, which increases the kinetic shift (lowering E0) compared to the more 
constrained 5- and 6-inner shell coordinate complexes.  Although the E0 values change 
according to the kinetic shift, the competitive shift between modeling with and without 
including competition remains fairly constant regardless of the reactant isomer.  The 
charge separation process for the Zn
2+
(H2O)8 complex has a competitive shift of 0.14 – 




uncertainty with or without including competition, for all isomers.  Likewise, the 
competitive shifts for the primary and secondary water loss dissociations for the 
Zn
2+
(H2O)7 complexes are 0.06 – 0.10 eV and 0.18 – 0.20 eV, respectively. 
As noted above, vibrational frequencies and rotational constants for the loose TSs 
associated with water loss were taken directly from the theoretical calculations in Chapter 
3.  Those for the tight charge separation TSs are calculated as described below.  In each 
of these TSs, the lowest vibrational frequency (~4 cm
-1
) corresponds to a torsion of the 
complex about the reaction coordinate.  The next four vibrations (8 – 63 cm-1) correspond 




(H2O)n-m-1 products at the TS.  
These five vibrations were treated as rotational degrees of freedom during the analysis.  
This treatment gave models that reproduced the energy dependence of the experimental 
cross sections, but also made this TS “looser”, greatly decreasing the scaling factor, σ0,j 
needed in the competitive and competitive sequential fits (Table 4.1).  Treatment of these 
five degrees of freedom as vibrations yielded scaling factors (σ0,j) closer to unity, but the 
energy dependences were not described as accurately because the model deviates 
strongly from the data at higher energies, Figure 4.2b.  The charge separation E0 
decreases because the product has fewer rotational degrees of freedom, which reduces the 
number of states at the transition state, thereby increasing the kinetic shift. 
Theoretical results.  Theoretical geometries and relative energetics of Zn
2+
(H2O)n, 
where n = 1 – 10, for multiple isomers with inner solvent shell sizes of 4, 5 and 6 are 
presented in Chapter 3.  Given the ground state structures of the zinc dication water 
complexes, the mechanism for the charge separation processes can be seen to be 










requires that two of the outer shell waters in the (4,3)_2AA,A structure must move to 
create a third solvent shell (4,1,2)_AADD_2A, thus forming the H
+
(H2O)3 leaving group.  
To investigate this charge separation process more thoroughly, a complete reaction 
coordinate path for this dissociation was investigated theoretically. As mentioned above, 
the path was first generated by scanning along the likely reaction coordinates at a 
B3LYP/6-31G(d) level, with the geometries and energies of the TSs and INTs further 
optimized at the B3LYP/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) level.  The surface 
generated describes the proton transfer mechanism and is shown in Figure 4.3 with 
energies listed in Table 4.2.  In this mechanism, the singly bound second shell water 
ligand of the (4,3)_2AA,A GS moves forming TS1, 29.4 kJ/mol higher in energy, as it 
bridges between an inner and a second solvent shell water.  INT1, (4,2,1)_AA,AAD_A, 
is then formed as this water molecule enters the third solvent shell.  A more complex path 
is required to move the next water molecule, which is doubly hydrogen bonded in the 
second shell of the (4,3) GS and INT1.  One of those hydrogen bonds must first be 
broken and then the water can move closer to the leaving group creating a series of 
shallow TSs and INTs.  In TS5, 53.9 kJ/mol above the (4,3) GS and 30.0 kJ/mol above 
INT4, (4,2,1)_AAD,A_A, this water bridges the first and second solvent shell, explaining 
the similarity in energy relative to the 29.4 kJ/mol difference between TS1 and the (4,3) 
GS.  Finally, the rate limiting step is TS7 = TS[3+3], 70.7 kJ/mol above the (4,3) GS, 
where the H
+
(H2O)3 pulls away leaving ZnOH
+
(H2O)3, which has a pseudo-tetrahedral 
geometry.  Overall, this charge separation process is calculated to be exothermic by 68.9 




Figure 4.3. The complete reaction coordinate for Zn
2+





(H2O)3  calculated at a B3LYP/6-311+G(2d,2p)//B3LYP/6-
311+G(d,p) level of theory including zero point energy corrections. Optimized structures 
of the transition states (TSs) are shown above the surface and intermediates (INTs) are 















































Table 4.2. Relative energies (kJ/mol) for intermediates (INTs) and transition states (TSs) 
along the reaction coordinate for charge separation of Zn
2+
(H2O)5-8 calculated at the 
B3LYP/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) level. 
 
species relative energy  
Zn
2+
(H2O)5  (4,1) 0.0 








(H2O)6  (4,2) 0.0 





























(H2O)8  (5,3) 0.0 











Complete reaction coordinates for the n = 5, 6, and 8 charge separations were not 
fully optimized but must follow a similar pathway for proton transfer as the n = 7 charge 
separation.  In all these cases, it is clear that the rate-limiting step needed for 
thermochemical analysis is the TS with H
+
(H2O)n-m-1 pulling away from ZnOH
+
(H2O)m, 
where m = 2 for n = 5, m = 3 for n = 6, and m = 4 for n = 8.  The optimized tight TSs of 
the charge separation processes occurring for n = 5, 6, and 8 are shown in Figure 4.4.  
The structure of the ZnOH
+
(H2O)4 complex is the GS at all three levels of theory and has 
the fourth water in the second shell forming three hydrogen bonds, one donor bond with 
the hydroxide group and two acceptor bonds with inner shell water molecules.  Although 
ZnOH
+
(H2O)4 has an overall single charge, its structure once again demonstrates the 
ability of the zinc dication to form stable structures at an inner shell size of four.  A five 
coordinate ZnOH
+
(H2O)4 was also investigated, where the inner shell forms a square 
pyramidal shape with the hydroxide group bonding to the Zn
2+
 at the base of the square 
pyramid.  This is found to be higher in energy by 20 – 27 kJ/mol at all three levels of 
theory. 
Energies for the rate-limiting TSs for n = 5, 6, and 8 are listed in Table 4.2, along 
with the respective exothermicities of the overall charge separation processes.  Relative 
to the ground state reactant complexes, the energetic barriers for n = 5 – 7 are within 5 
kJ/mol of each other (72.6, 74.6, and 70.7 kJ/mol, respectively), whereas that for n = 8 is 
higher at 99.4 kJ/mol.  (Similar trends are found for both B3P86 and MP2(full) 
calculations, with B3P86 energies being very similar to the B3LYP energies and those for 
MP2(full) being 5 – 23 kJ/mol higher, Table 4.3.)  This large change in the barrier may 









(H2O)n-m-1, where m = 2, 3 and 4 and n-m-1 = 2, 
2, and 3 for parts a – c, respectively, calculated at the B3LYP/6-311+G(d,p) level of 
theory. 
TS[2 + 2]










(H2O)3 moieties in the n = 5 – 7 
TSs, Figures 4.3 and 4.4, are structurally close to their respective GS products thereby 
minimizing the energy of the TS. However, the additional water ligand in the 
ZnOH
+
(H2O)4 complex is involved in three H-bonds as described above in order to 
stabilize the hydroxide group.  Compared to the GS complex, each H-bond is much 
longer in TS[4+3], thereby increasing its energy.  It can also be seen that the overall 
exothermicity of the charge separation processes roughly increases as n decreases: 77.4, 
65.7, 68.9, and 56.3 kJ/mol for n = 5 – 8, respectively, such that the reverse Coulombic 
barrier increases as n decreases for n = 5 – 7: 150.0, 140.3, 139.6 kJ/mol, respectively.  
One potential reason for this increase is that as the complex gets smaller the dissociation 
is more like a pure electrostatic Coulomb repulsion.  For example, in the charge 
separation of the Zn
2+
(H2O)5 complex, there are fewer waters interacting with the two 
charge carriers in the TS and products, as shown in Figure 4.4.  This trend changes in 
moving from n = 7 to 8 as the reverse Coulombic barrier is highest for n = 8, 155.7 
kJ/mol, as rationalized by the structural changes in the hydroxide needed to form three H-
bonds, as described above. 
Experimental transition state energies and comparison to theory. Chapter 3 
contains a detailed examination of the comparison between experimental and theoretical 
0 K hydration energies.  Excellent agreement with theory is found for n = 6 – 8, which 
verifies the importance of including the competitive shifts.  Table 4.3 compares the 
experimental dissociation 0 K thresholds for charge separation, which include 
competitive shifts, to the values predicted by theory for these rate-limiting TSs.  There is 




Table 4.3.  Comparison of 0 K transition state energies to theory (kJ/mol)   
 







5 (4,1) TS[2 + 2]  72.6 74.3 90.1 
  (4,0)  100.3 104.1 98.6 
6 (4,2) TS[3 + 2]  74.6 75.5 86.6 
 (4,2) (4,1) 98.4 (3.9)
 b
 97.0 100.6 95.7 
7 (4,3) TS[3 + 3] 66.6 (5.8)
c
  70.7 72.2 82.9  
  (4,2) 78.2 (4.8)
 b




TS[3 + 3] 63.7 (5.8)
c
 66.6 68.1 75.8 
  (4,2) 71.4 (4.8)
 b
 75.7 78.4 69.3 
 (5,2) TS[3 + 3] 66.6 (4.8)
c
 70.6 72.1 93.8 
  (6,0) 79.2 (4.8)
 b
 93.5 97.0 83.3 
8 (4,4) TS[4 + 3] 68.5 (6.8)
c,d
 97.7 95.6 102.9 
  (4,3) 63.7 (5.8)
 b
  74.8 77.0 72.7 
 (5,3) TS[4 + 3] 74.3 (4.8)
c
  99.4 98.0 117.8 
  (5,2) 68.5 (10.5)
b,d
 76.0 78.8 75.4 
a
 Geometry optimizations calculated using B3LYP/6-311+G(d,p) and SPE values 
calculated with a 6-311+G(2d,2p) basis set at the level indicated.  All values are ZPE 
corrected. 
b 
Values reported in Chapter 3.  
c
 Values taken from Table 4.1 using 
competitive modeling with eq 2.4.  
d
 Average of primary and sequential thresholds 





somewhat high (by 12 – 27 kJ/mol).  However, theory predicts an energy for the charge 
separation TS of the n = 8 complex that is 24 – 44 kJ/mol above the experimental value 
for both the (5,3) and (4,4) reactants.  As discussed in Chapter 3, this is a further 
indication that there is a need for additional experimental and theoretical work at cluster 
sizes of n ≥ 8. 
In addition, Table 4.3 also compares both the experimental thresholds and 
theoretically predicted 0 K enthalpies required for charge separation versus water loss.  
Although no experimental dissociation energies are available for n = 5 as of yet, theory 
favors charge separation over water loss by 28 – 30 kJ/mol at the DFT levels and 9 
kJ/mol at the MP2(full) level, in qualitative agreement with our observations for reaction 
4.6.  Likewise, for n = 6, theory predicts charge separation is favored by about 22 – 25 
kJ/mol (DFT) or 9 kJ/mol (MP2), as observed for reaction 4.5.  For a four coordinate n = 
7 reactant, DFT predicts that the charge separation reaction 4.3 is favored by 9 – 10 
kJ/mol, whereas MP2(full) finds that the water loss channel is favored by about 6 kJ/mol.  
For the (5,2) complex, DFT favors charge separation by 23 – 25 kJ/mol, however, 
MP2(full) again predicts that water loss is preferred, by 11 kJ/mol.  The experimental 
results definitively show that charge separation is favored, with an average energy 
difference determined from competitive modeling of 11 ± 2 kJ/mol.  Finally, for n = 8, 
experiment and theory agree that water loss is favored over the charge separation reaction 
4.4, with an average threshold difference of 5 ± 2 kJ/mol, compared to the DFT 
prediction of about 19 – 23 kJ/mol and 30 – 42 kJ/mol for MP2(full).  Clearly, the 
MP2(full)//B3LYP calculations are overestimating the energy barrier for charge 




performed on these TSs.  Energies calculated at the MP2//MP2 level are 5 kJ/mol lower 
for the (4,1) GS and 3 kJ/mol higher for TS[2+2] than the MP2//B3LYP energies.   
Accordingly, the MP2//MP2 predicted barrier for the n = 5 charge separation is 8 kJ/mol 
higher in energy than the MP2//B3LYP barrier. Thus, this more computationally 
expensive procedure does not appear to give a better estimation for these charge 
separation barriers. 
Using Coulomb’s law to calculate the reverse barrier from the charge separation 
products to their TS, we find that the barriers are similar for all complex sizes, ranging 
from 188 – 210 kJ/mol, because the product separation at the TS (chosen as the 
separation between the two center of masses of each charged species) varies little, 6.58 – 
7.35 Å.  These electrostatic barriers are much higher in energy than the TS values given 
by either modeling the experimental results or the computed reaction coordinate, but the 
electrostatic barriers do not account for any covalent interactions between the two 
charged products at the optimized separation distance nor for any delocalization of the 
charge resulting from hydration. 
Using the calculated frequencies and rotational constants of the tight transition 
states for charge separation, a rigid rotor/harmonic oscillator approximation was applied 
to convert the 0 K barrier heights of the n = 7 and 8 reactants to 298 K values in Table 
4.4.  The (4,3) and (5,3) reactants are selected as representative of these complexes.  The 
uncertainties in these conversions are found by scaling the vibrational frequencies up and 
down by 10%.  Because the conversion to 298 K depends on the vibrations and rotations 
of the complex, there are two possible conversion values for the charge separation TSs 




Table 4.4.  Conversion of 0 K thresholds to 298 K enthalpies and free energies for the 
charge separation transition states for Zn
2+
(H2O)7,8.  All values in kJ/mol with 






 ∆H298 T∆S298 ∆G298 
TS[3 + 3] 66.6 (5.8) 1.6 (0.1)
c
 68.2 (5.8) 41.6 (1.0)
c
 26.6 (5.9) 
  7.0 (0.2)
d
 73.6 (5.8) 24.8 (1.0)
d
 48.8 (5.9) 
TS[4 + 3] 74.3 (4.8) -0.6 (0.4)
c
 73.7 (4.8) 39.5 (1.1)
c
 34.2 (4.9) 
  4.6 (0.3)
d
 78.9 (4.8) 16.4 (1.0)
d
 62.5 (4.8) 
a
 Experimental values from Table 4.3. 
b
 Values calculated from the vibrations and 
rotations calculated at the B3LYP/6-311+G(d,p) level.  Uncertainties found by scaling 
the frequencies up and down by 10%. 
c
 Values calculated with the first 5 vibrations of the 
TS being treated as rotations. 
d




When treated as rotors, the 298 K enthalpies for the charge separation TSs at n = 7 and 8 
are 68.2 and 73.7 kJ/mol, respectively, but rise to 73.6 and 78.9 kJ/mol, respectively, 
when vibrations are used for the low frequency torsions.  Thus, the conversion values of 
the two different methods differ from each other by about 5 kJ/mol.  The entropies of 
dissociation, T∆S298, for the charge separation TSs are larger when the first five 
vibrations of the TS are treated as rotations because of the larger rotational entropy of the 
product.  Thus, the ∆G298 values are smaller for the charge separation TSs when the first 
five vibrations of the TS are treated as rotations compared to results when all vibrations 
are used in the TS.  Without a more thorough analysis of the potential energy surfaces 
involved, it is difficult to state with certainty whether the treatment of these degrees of 
freedom as vibrations or rotations is more correct.  We are inclined to believe they should 
be treated as rotations and note that this model fits the charge separation data better at 
higher energies, as noted above. 
Critical size.  Previous studies have defined the critical size as the value of n 
where “the charge reduction reaction… becomes competitive with single ligand loss”10 
and equivalently as “the maximum number of ligands at which dissociative charge 
transfer is competitive with simple ligand loss.”9  Such a definition is an experimental 
one that is highly dependent on instrumental sensitivity and product collection (which is 
more difficult for the charge separation products because of the kinetic energy release).  
Furthermore, previous studies of the critical size have relied primarily on observations of 
the maximum size of the hydroxide ion products.  Indeed, Blades et al.
10
 assign all their 
critical sizes as the value of m + 2 in reaction 4.2, on the basis that the only protonated 
water cluster they observed with any intensity was H3O
+











 also use their observation of “the largest singly charged hydrated 
metal ions” as the basis for assigning their critical values, but often get values larger by 1 
compared to Blades et al., e.g., ncrit = 6 for Zn
2+
.  They suggest this is because their higher 
sensitivity allows them to see complexes corresponding to larger values of m and n-m-1.  
Notably, Shvartsburg and Siu also point out, quite correctly, that the ncrit values could be 
lower limits if for instance the hydrated metal hydroxide cation complexes partially 
dissociate before observation.  They also point out that tandem mass spectrometry 
experiments are required, otherwise the largest hydrated metal hydroxide cation observed 
could be generated in the source by hydration of smaller complexes. 
Ultimately, both of these studies focus on the observation of the product ion rather 
than the behavior of the reactant ion, which is what the definition of critical size is 
supposed to specify.  Thus, any study that does not allow some means of identifying 
which MOH
+
(H2O)m product is formed simultaneously with which H
+
(H2O)n-m-1 product 
will fail to identify the correct precursor n that undergoes the charge separation reaction 
4.2.  Thus, we observe that the ZnOH
+
(H2O)3 complex is formed in greatest abundance, 
in agreement with the observations of Blades et al. who assign ncrit = 5.  With greater 
sensitivity, however, the largest hydrated zinc hydroxide cation complex we observe is 
ZnOH
+
(H2O)4, which if formed along with H3O
+
, would lead to assignment of ncrit = 6, in 
agreement with Shvartsburg and Siu.  However, the kinetic-energy resolved studies 
performed here clearly show that the latter hydroxide complex is accompanied by the 
H
+
(H2O)3 product ion, and therefore comes from dissociation of the Zn
2+
(H2O)8 complex, 




three studies are essentially the same, but the final results differ because of instrumental 
sensitivity and the ability to assign the true products of the charge separation reaction.  
Indeed, we find that three complexes of zinc definitely undergo charge separation, n = 6 – 
8, and possibly 5, which according to a definition for ncrit that relies on the 
competitiveness of the charge reduction reaction with single ligand loss means that all 
three (possibly four) complexes have the “critical” size.  Clearly, there is no singular 
“critical” size that differentiates when charge separation is observed and when it is not. 
If a singular (truly critical) value for ncrit is needed, then the observations of the 
present study dictate the need for a different definition for the charge separation critical 
size.  As noted above, the calculated barrier for charge separation for the n = 5 - 7 
complexes remains fairly constant, whereas the hydration energies increase as the cluster 
gets smaller (Chapter 3).  These trends demonstrate that there should be a maximum-
sized cluster for which charge separation is energetically favored over the loss of one 
water ligand.  We suggest that the critical size be equated with this size complex, which 
makes the definition of the critical size a thermodynamic one that depends solely on the 
relative energies of the barrier for charge separation versus that for loss of a water ligand.  
In general, for clusters larger than this critical size, charge separation is both energetically 
and entropically disfavored, such that this channel will be small (such as for n = 8 here) if 
observed at all.  Note that the identification of ncrit as being less than 8 is verified by 
examination of the relative onsets of the products in Figure 4.1b, where the 
ZnOH
+
(H2O)4 cross section has an apparent threshold that is clearly higher in energy than 
the competing water loss product forming Zn
2+
(H2O)7.  At the critical size, the favorable 




entropy effects disfavoring it are substantial.  Because of these features, this proposed 
definition will often coincide with the previous experimental definition although the 
correct assignment of ncrit still relies on the sensitivity of the apparatus and the correlation 
between the protonated hydrate and hydrated metal hydroxide cation complexes formed 
in reaction 4.2.  (The question of whether tunneling through the charge separation barrier 
might enhance the probability of observing charge separation even below its classical 
threshold energy has also arisen.  We believe this is unlikely to be influential given that 
our calculations indicate that the rate limiting step for charge separation involves 
movements of the separating singly charged products away from one another.  All proton 
motions susceptible to tunneling effects come before the rate limiting step.)  Using the 
presently proposed definition, the critical size for zinc hydration is ncrit = 7 as confirmed 
by both experimental thresholds and theoretical results.  Consistent with these more 





(H2O)3 products have apparent thresholds that are lower in energy 
than the threshold for the competing water loss forming Zn
2+
(H2O)6.  Thus, thermal ion 
sources (such as our ESI source) will ordinarily be unable to generate hydrated 
complexes smaller than ncrit because charge separation will occur instead of evaporation 
of additional ligands.  As shown in analogous studies on Cu
2+
 hydration, such small 
complexes can be formed by utilizing either high-energy collisional-activated 
dissociation (CAD),
27
 which takes advantage of the entropic favorability of the 
dehydration reactions compared to charge separation, or a pickup technique,
28
 in which 
water molecules are condensed onto a beam of neutral copper atoms and then ionized 





Collision-induced dissociation cross sections for Zn
2+
(H2O)n, where n = 7 – 10, 





(H2O)n-m-1.  The experimental cross sections show that charge separation occurs at n = 
6 – 8 and possibly at n = 5, although the latter products might also be the result of 
sequential dissociation.  Because a range of complex sizes are observed to undergo 
charge separation in competition with dehydration, the critical size for charge separation 
is redefined as the largest value of n at which the charge separation is energetically 
favored over the loss of one water ligand.  For Zn
2+
(H2O)n complexes, this means that 
ncrit = 7.   
A complete reaction coordinate for the charge separation dissociation at n = 7 is 
calculated and rate limiting transition states for n = 5, 6, and 8 are also evaluated.  The 
molecular parameters for these TSs are used to analyze the cross sections for collision-




(H2O)8 including the competition between 
dehydration and charge separation reactions.  As evaluated in Chapter 3, accounting for 
this competition is necessary for obtaining accurate hydration energies for n = 6 – 8.  
Although no experimental measurements are possible at this time for smaller complexes, 
theory indicates that the charge separation process at n = 5 and 6 is favored over water 
loss.  Because the Coulomb barrier for the charge separation processes at n = 5 – 7 
relative to the GS reactants are similar in energy, trends in the hydration energies indicate 
that the charge separation process should be energetically favored for all Zn
2+
(H2O)n 
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 HAS A PRIMARY HYDRATION SPHERE OF FIVE: IR 
ACTION SPECTROSCOPY AND THEORETICAL STUDIES 
OF HYDRATED ZN
2+
 COMPLEXES IN THE GAS-PHASE 
Abstract 
 Complexes of Zn
2+
(H2O)n, where n = 6 – 12, are examined using infrared multiple 
photon dissociation (IRMPD) spectroscopy, blackbody infrared radiative dissociation 
(BIRD), and theory.  Geometry optimizations and frequency calculations are performed 
at the B3LYP/6-311+G(d,p) level along with single point energy calculations for relative 
energetics at the B3LYP, B3P86, and MP2(full) levels with a 6-311+G(2d,2p) basis set.  
The IRMPD spectrum of Zn
2+
(H2O)8 is most consistent with the calculated spectrum of 
the 5-coordinate MP2(full) ground state (GS) species.  Results from larger complexes 
also point toward a coordination number of five, although contributions from 6-
coordinate species cannot be ruled out.  For n = 6 and 7, comparisons of the individual 
IRMPD spectra with calculated spectra are less conclusive.  However, in combination 





, the presence of 5-coordinate species with some contribution from 6-





(H2O)7 complexes are less stable than Zn
2+




consistent with previous work that demonstrates the enthalpic favorability of the charge 
separation process forming singly charged hydrated metal hydroxide and protonated 
water complexes versus loss of a water molecule for complexes of n ≤ 7.  Overall, these 
results are most consistent with the lowest-energy structures calculated at the MP2(full) 
level of theory and disagree with those calculated at B3LYP and B3P86 levels.  
Introduction 
 Zinc is required for the activation of certain proteins and metalloenzymes
1-3
 and is 
used heavily in industry as well.
4
  Because of such high usage, zinc is quickly infiltrating 
aqueous environments and has become a metal contaminant in many watersheds around 
the world.  To understand biological transport of zinc and its impact in aqueous 
environments, a complete understanding of the hydration of zinc(II) cations is essential.   
The solvated zinc(II) cation has been studied using ion equilibria with a variety of 
ligands (but not water)
5-7
 and collision-induced dissociation (CID) mass spectrometry of 
the hydrated ion
8,9
 (and more recently in Chapters 3 and 4 of this dissertation).  For larger 
complexes, dissociation of hydrated Zn
2+
 complexes results in the loss of a water 





(H2O)n-1 + H2O (5.1) 
followed by sequential loss of additional water molecules as the available energy 
increases.  For smaller hydration shells, the Zn
2+
(H2O)n complex undergoes a charge 











In Chapter 4, it was determined that the largest value of n at which reaction 5.2 is 
energetically favored over reaction 5.1, otherwise known as the critical size (ncrit), is 
when n = 7 (m = 3).  In addition, Chapter 3 reported the first experimental hydration 
energies of Zn
2+
(H2O)n, where n = 6 – 10.  In both of these preceding chapters, accurate 
thermochemistry relies on the explicit consideration of different low-energy isomers in 
their data analysis, specifically, how many inner shell versus outer shell water ligands are 
present in the calculated structures of the reactants and products.   
 Establishing the number of water molecules in the inner solvent shell for the 
hydrated zinc dication has been the subject of numerous computational and experimental 
studies,
3,7,9-16
 as detailed in Chapter 3.  Briefly, X-ray, Raman, and near-IR spectroscopy 
experiments report a coordination number (CN) of six, which until recently has been the 
commonly accepted configuration.
3,10-12
  Quantum chemical calculations in this 
dissertation and in previous studies
13-15
 have shown that the lowest-energy complex can 
have an inner shell of four, five, or six water molecules depending on the level of theory 
used and previous studies.  These studies also found that the energetic differences 
between these structures are quite small.  As discussed in Chapter 3, depending on 
complex size, an inner shell of five or six is favored by MP2 and M06 calculations, 
whereas B3LYP and B3P86 theory have a preference for an inner shell of either four or 
five.
13-16
   The ambiguity in the theoretical results may be partially understood by how 
strongly different approaches weight the electronic stability imparted by the 18 electron 




directly bound to the Zn
2+
, which is sterically feasible.  In Chapters 3 and 4, the 
interpretation of experimental thermochemical values for zinc hydration depends on the 
presumed ground state (GS) structures of the reactant and product.  Therefore, in order to 
obtain accurate thermochemistry, these studies report multiple hydration energies for 
each complex size where theoretical results give two or more likely GS configurations (n 
= 6 – 10). 
Infrared multiple photon dissociation (IRMPD) spectroscopy is a powerful tool 
for probing the structures and the CN of singly and doubly charged hydrated complexes 
in the gas phase.
17-30
  The IRMPD spectra and blackbody infrared radiative dissociation 
(BIRD) kinetics on a number of hydrated doubly charged metals have been reported 
previously by Williams and coworkers.
18-21
  Specifically, the spectra for Cu
2+
(H2O)n 
support a CN = 4 and exhibit evidence of the formation of a third solvent shell at n ≥ 
10.
20






) show a CN = 6, with evidence of 
complexes with a CN = 7 for Ba
2+
 at small cluster size, but a CN = 8 for Ca
2+
 is more 
favorable at larger cluster size.
18,19,21
  Here, similar comparisons of IRMPD spectra for 
Zn
2+
(H2O)n, where n = 6 – 12, and BIRD experiments with calculated spectra at the 
B3LYP/6-311+G(d,p) level for species with relative energies determined at B3LYP, 
B3P86 and MP2(full) levels with a 6-311+G(2d,2p) basis set are used to give further 
insight to the CN and specific water binding motifs for Zn(II) in the gas phase.   
Experimental and Theoretical Section 
Experimental methods.  Experiments were performed using a 2.7 T Fourier-
transform ion cyclotron resonance mass spectrometer at University of California 
Berkeley.
18,31,32
  Distributions of Zn
2+




ionization (ESI) of 5 mM aqueous solution of ZnCl2 using borosilicate capillaries pulled 
to an inner diameter of ~1 m.  These complexes were introduced into the mass 
spectrometer and were trapped in a cylindrical ion cell that is surrounded by a copper 
jacket cooled to 215 K by a regulated flow of liquid nitrogen.
33
  The copper jacket was 
allowed to equilibrate for at least 8 h prior to the experiments.  Ions were accumulated in 
the cell for 3 – 5 s during which time dry N2 gas (~2  10
–6
 Torr) was pulsed into the 
vacuum chamber using a piezoelectric valve to enhance trapping and thermalization of 
the ions.  A mechanical shutter was subsequently closed to prevent further ion 
accumulation and residual gases were pumped out for 5 – 8 s resulting in a base pressure 
of ~1  10–8 Torr prior to ion isolation. 
Zn
2+
(H2O)7 was the smallest complex observed directly by ESI, in agreement with 
zinc hydration work performed in Chapters 3 and 4 at University of Utah with the 
thermal ESI outlined in Chapter 2.  Small amounts of Zn
2+
(H2O)6 were formed by 
collisionally activated dissociation (CAD) of larger complexes using a frequency sweep 
or chirp excitation waveform (175 µs, 2000 Hz/µs, 200 Vpk-pk) that increased the average 
velocity of all trapped ions with m/z > 94.  This excitation was repeated eight times with a 
300 ms delay between each chirp to maximize the intensity of the Zn
2+
(H2O)6.  Dry N2 
was pulsed into the chamber (~10
–6
 Torr) during this time to enhance collisional 
activation, and residual gases were then pumped out for 8 s prior to isolation of this ion.  
In previous work,
20





 is thought to undergo reaction 5.2 at similar values of n as hydrated Zn
2+
.  




process is in no way related to the CN of the ion, but is instead related to the propensity 
for this complex to dissociate via reaction 5.2, as discussed in more detail below. 
Complexes of interest were isolated using a stored waveform inverse Fourier 
transform.  To obtain IR action spectra, the isolated complexes were irradiated using 
tunable IR light produced by an optical parametric oscillator/amplifier (OPO/OPA) 
system (LaserVision, Bellevue, WA) pumped by the fundamental of Nd:YAG laser 
(Continuum Surelight I-10, Santa Clara, CA) at 10 Hz repletion rate.  Laser irradiation 
times were varied from 1 – 30 s to improve the dynamic range and the signal-to-noise of 
the IR spectrum.  Typically, shorter irradiation times (1 – 5 s) were used for frequencies 
in the free-OH stretch region (3600 – 3750 cm-1) of the IR spectrum; otherwise longer 
irradiation times (5 – 30 s) were used.  From the abundances of the precursor and product 
ions, dissociation rates as a function of the IR laser frequency were obtained.  These 
dissociation rates were corrected for the BIRD background dissociation, the differences 
in laser power at different frequencies, and the duration of laser irradiation.  To obtain 
unimolecular dissociation rate constants for both laser photodissociation at a specific 
frequency and for BIRD,
34-36
 ions were exposed to radiation for up to 50 s, and this data 
was fit to first-order kinetics.  All data were acquired using a MIDAS
37
 modular data 
system.  Products from reaction 5.1 were observed only for the photodissociation of n ≥ 
8; however, n = 6 and 7 dissociated only via reaction 5.2, in line with the discussion 
above. 
Computational methods.  Quantum chemical results for Zn
2+
(H2O)n complexes, n 
= 4 – 10, used in this study have been described completely in Chapter 3.  Similar 








complexes with a CN of four, five, and six were geometry optimized and their vibrational 
frequencies calculated at the B3LYP
38,39
 level of theory with a 6-311+G(d,p) basis set 
using the Gaussian03 package.
40
  For comparison to experiment, the calculated 
vibrational frequencies are broadened using a Gaussian line shape with a 50 and 15 cm
-1
 
full width at half maxima (FWHM) for the bonded and free-OH stretches, respectively.  
Gaussian line shapes with a 10, 15, and 20 cm
-1 
FWHM were all tried in the free-OH 
stretch region and the best agreement to experimental band shapes was found using 15 
cm
-1





Theoretical frequencies are scaled by 0.956, which has been shown previously to 
provide good agreement with experimental IR spectra in the free-OH region.
20,41
  This 
scaling factor corrects for the approximation of the electronic structure and the 
assumption of a harmonic potential energy surface
42
 and can range from 0.8 – 1.  In 
Chapter 3, we verified that results of geometry optimizations and vibrational frequency 
calculations performed at alternate levels of theory, including B3LYP/6-311++G(d,p), 
B3LYP/6-311+G(2d,2p), BHandHLYP/6-311+G(d,p), BHandHLYP/6-311++G(d,p), and 
MP2(full)/6-311+G(d,p), yielded geometries with no discernible differences and 
vibrational frequencies within 1% of the B3LYP/6-311+G(d,p) results used here. 
Relative energies of different isomers are determined using single point energies 




 levels using a 6-311+G(2d,2p) basis set.  
The relative energetics include zero point energy (ZPE) corrections to yield 0 K values 
and thermal corrections to 215 K.  These corrections use the calculated frequencies scaled 
by 0.989, a scaling factor determined by Bauschlicher Jr. and Partridge to give accurate 
ZPE corrections at the B3LYP level using a 6-311+G(3df,2p) basis set.
45








Results and Discussion 
BIRD kinetics.  Dissociation rate constants in the zero-pressure limit
47-49
 were 
obtained from BIRD mass spectra as a function of reaction times up to 120 s at 215 K.  
The temperature of 215 K was chosen so that the lifetimes of larger zinc hydrate 





  The dissociation rate constants increase with complex size 
for n ≥ 8 as seen in Figure 5.1.  This is a consequence of both a decrease in the water 
binding energy inherent to these larger metal hydrate complexes (Chapter 3) and to an 
increase in the rate of absorption of blackbody radiation.  The n = 7 and 6 complexes are 
also progressively less stable than the n = 8 complex, although only a small change is 





 at these same complex sizes.  This decrease in stability results from the lower 
barrier for reaction 5.2 compared to reaction 5.1 at and below the critical size of ncrit = 7.  
As discussed previously in Chapter 4, the barrier for reaction 5.2 remains relatively 
constant when n ≤ ncrit, whereas the hydration energies of reaction 5.1 increase rapidly as 





 may show that zinc has less propensity to charge separate at the n = 7 
complex than copper.  Copper has a larger second ionization energy compared to zinc 
(20.3 eV versus 18.0 eV)
50,51




 Figure 5.1.  BIRD rate constants of Zn
2+
(H2O)n, where n = 6 – 12, with a copper jacket 
temperature of 215 K.  Uncertainties for each rate are shown but are smaller than the 


























































IR action spectra.  Infrared photodissociation spectra from 2800 – 3800 cm-1 for 
Zn
2+
(H2O)n, where n = 6 – 12, are shown in Figure 5.2.  There are two obvious high 
frequency bands in the n = 6 – 9 spectra above ~3600 cm-1 in the free-OH region.  The 
smaller of the two peaks, centered ~3600 cm
-1
, is the symmetric (vsym) free-OH stretch of 
water molecules that do not donate any hydrogen bonds, whereas the larger peak 
(centered ~3670 cm
-1
) is the asymmetric (vasym) stretch of these same water molecules.  





The large red shift in these free-OH stretches can be explained by the partial electron 
transfer from the water molecules to the metal cation
23
 and also a Stark effect.
53
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  In 




(H2O)n, these vsym and vasym 
peaks for Zn
2+
(H2O)n shift to the blue (i.e., a reduced red shift from that of isolated water) 
as n increases. 
The spectra for n = 10 – 12 have up to four unique bands in this high frequency 
region, which are characteristic of the more complex hydrogen bonding motifs that 
develop in these larger complex sizes.  The following nomenclature describes these 
different hydrogen bonding patterns.  A second shell water molecule that hydrogen bonds 
to two different inner shell water molecules is a double acceptor (AA), whereas a second 
shell water molecule that forms only one hydrogen bond to the inner shell is a single 
acceptor (A).  An inner shell water molecule that donates either one or two hydrogen 
bonds is designated as a single or double donor (D or DD, respectively).  Water 





Figure 5.2.  IR action spectra of Zn
2+
(H2O)n, where n = 6 – 12, at 215 K.  The common 




a combination of both an acceptor and donor water molecule and are named accordingly.  
These high frequency bands may be assigned on the basis of previously reported IR 
spectra of similar systems
18,20,24,29,54
 and the calculated absorption spectra of low-energy 
conformations of Zn
2+
(H2O)x(H2O)y(H2O)z, briefly (x,y,z), where x, y, and z are the 
number of water molecules in the first, second, and third shells, respectively.  The most 
intense bands at ~3690 cm
-1
 correspond to the vasym stretch of AA water molecules, with a 
possible contribution of the vasym stretch of a donor water molecule.  The vsym stretch of 
the AA water molecule is not easily observed for all complex sizes because it overlaps 
with the broad intensity of the bonded-OH region.  As shown previously,
21
 the free-OH 
vsym band of acceptor only water molecules (those bound directly to the metal as indicated 
by the line in Figure 5.2) is preferentially depleted as the complex size increases by water 
molecules binding to them in the second solvent shell.  In contrast, the vasym band (also 
indicated by a line in Figure 5.2) remains intense for all complex sizes because the vasym 
stretch of the second shell AA water molecules is superimposed on the vasym of the 
acceptor only inner shell water molecules.  In the spectra for n = 11 and 12, the peaks at 
~3635 cm
-1
 and ~3720 cm
-1
 agree well with vsym and vasym stretches, respectively, of A 
water molecules.  The bands at ~3665 cm
-1 
are consistent with the vasym stretch of AAD 
water molecules.   
Photodissociation is also observed at frequencies below 3600 cm
-1
 for n = 7 – 12, 
as well as n = 6, a case examined in detail below.  There is a weak band in the spectra of 
the n = 7 and 8 complexes between 3300 and 3500 cm
-1
, a broad band from 3300 – 3600 
cm
-1
 for n = 9, and two broad bands in the n = 10 – 12 spectra (3000 – 3300 cm-1 and 




OH stretches of D and DD water molecules donating a hydrogen bond to an AA water 
molecule and indicate the formation of a second solvation shell.  Bands below 3300 cm
-1
 
are also attributed to stretches of donor water molecules (D, DD, or AAD), but correlate 
with donation of a hydrogen bond to a single acceptor water molecule.  These are 
commonly found in larger complexes with a heavily populated second shell or in the 
formation of a third shell.   
Theoretical geometries of Zn
2+
(H2O)n.  The geometries of Zn
2+
(H2O)6-10 have 
been described in detail in Chapter 3.    Additional structures for n = 11 – 12 are 
calculated here.  The relative 0 K enthalpies and free energies calculated at 215 K are 
given in Table 5.1 for the low-energy conformers of n = 6 – 12.  We also note that the 
relative order of all low-energy complexes at all three levels of theory remains the same 
at 215 K as was previously found in Chpater 3 for 298 K.  For the rest of this discussion, 
if there is only one low-energy conformer having a particular inner solvent shell size, this 
nomenclature is abbreviated to the (x,y,z) designation.  Depending on complex size, 
structures with an inner shell of four or five water molecules were found to be most stable 
at the B3LYP and B3P86 levels of theory, whereas the MP2(full) level predicts GS 
structures with five or six water molecules in the inner shell.  (Relative energies similar to 
the MP2(full) calculations were obtained in Chapter 3 using the M06 density functional 
specifically designed for hydrogen bonding.
56,57
  M06 calculations for the n = 11 and 12 
complexes were not pursued here because the absolute hydration energies do not agree 
with experiment as well as the MP2(full) values.) 
Comparison to theory: n = 8. A large number of conformations have been 




Table 5.1.  Relative calculated enthalpy (ΔH0) and 215 K free energies (ΔG215)
a
 (kJ/mol)  
of Zn
2+
(H2O)x(H2O)y(H2O)z, where x, y, and z are the numbers of water molecules in the 




Complex (x,y,z) B3LYP B3P86 MP2(full) 
Zn
2+
(H2O)6                                         (4,2)_2AA 0.0 (0.0) 0.0 (0.0) 3.8 (4.6) 
(4,2)_AA,A 4.5 (1.6) 4.4 (1.5) 11.7 (9.6) 
(5,1)_AaAb 8.2 (3.2) 8.6 (3.6) 4.2 (0.0) 
(6,0) 13.7 (15.0) 14.6 (15.9) 0.0 (2.0) 
Zn
2+
(H2O)7                        (4,3)_3D,DD_2AA,A 0.0 (2.9) 0.0 (2.9) 10.8 (7.0) 
(4,3)_2D,DD_AA,2A 4.1 (0.0) 4.1 (0.0) 18.0 (7.1) 
(5,2)_2AbAb 0.2 (7.0) 0.1 (6.9) 0.0 (0.0) 
(6,1)_AA 18.4 (26.2) 18.7 (26.5) 8.6 (9.6) 
Zn
2+
(H2O)8                                   (4,4)_2AA,2A 1.8 (0.0) 2.4 (0.0) 14.9 (9.2) 
(4,4)_AA,3A 4.2 (0.5) 4.8 (0.5) 20.7 (13.1) 
(5,3)_3AA 0.0 (3.9) 0.0 (3.3) 0.0 (0.0) 
(6,2)_2AA 16.8 (21.3) 17.7 (21.6) 6.7 (7.3) 
Zn
2+
(H2O)9                                   (4,5)_2AA,3A 5.8 (0.0) 6.3 (0.0) 22.1 (11.6) 
(5,4)_4AbAb 0.0 (4.8) 0.0 (4.2) 0.0 (0.0) 
(5,4)_2AbAb,2AaAb 1.3 (6.7) 0.8 (5.8) 1.9 (2.6) 
(6,3)_4D,DD_3AA 16.9 (21.2) 16.7 (20.5) 7.2 (6.8) 
Zn
2+
(H2O)10                                  (4,6)_2AA,4A 3.5 (0.0) 4.4 (0.0) 18.6 (12.1) 
(5,5)_4AbAb,Aa 0.0 (3.0) 0.0 (2.2) 0.0 (0.0) 
(6,4)_4D,2DD_4AA 18.1 (28.3) 16.9 (26.3) 5.5 (12.7) 
(6,4)_5D,DD_3AA,A 19.8 (24.9) 19.7 (24.0) 8.7 (10.8) 
Zn
2+
(H2O)11                  (4,6,1)_AA,4A,AAD_A 5.1 (0.0) 6.4 (0.0) 20.2 (12.1) 
(5,5,1)_3AbAb,Aa,AbAbD_A 0.0 (3.0) 0.0 (1.7) 0.0 (0.0) 




Table 5.1. continued    
Complex (x,y,z) B3LYP B3P86 MP2(full) 
(6,5)_4AA,A 20.7 (25.6) 22.2 (25.8) 5.6 (7.5) 
Zn
2+
(H2O)12                     (4,6,2)_4A,2AAD_2A 4.7 (0.0) 6.2 (0.0) 20.4 (10.4) 
(5,5,2)_2AbAb,Aa,2AbAbD _2A 0.0 (4.6) 0.0 (3.2) 0.6 (0.0) 
(5,6,1)_3AbAb,Aa,2Aa,AbAbD_A 4.3 (8.0) 6.5 (8.7) 2.0 (0.4) 
(6,5,1)_2AA,2AAD,AAp_A 16.8 (32.5) 16.3 (30.5) 0.2 (10.7) 
a
 ΔG215 values given in parentheses.  
b  
Values are single point energies calculated at the 
level shown using a 6-311+G(2d,2p) basis set with geometries calculated at the 




structure for each inner shell size to experiment.  The most conclusive comparison 
between experiment and theory for a single complex size is found at n = 8, Figure 5.3.  
Looking first in the free-OH region, there is no evidence of single hydrogen bond 
acceptors in the experimental spectrum, near 3715 cm
-1
, largely eliminating the 4-
coordinate complexes, calculated to be low in energy by DFT.  Additionally, the most 
intense free-OH peak predicted for the 4-coordinate species are red shifted by ~10 cm
-1
 
from experiment, although this conclusion depends on the vibrational scaling factor 
applied to the theoretical spectra.  The narrow shape of the experimental band centered at 
~3675 cm
-1
 matches best with the (5,3) structures, calculated to be the GS at the 
MP2(full) level.  The predicted band ranges from 3665 – 3680 cm-1, and the relative 
intensities of the vsym and vasym bands are also predicted well.  It should be remembered 
that the IRMPD intensities are not always reproduced by a calculated absorption 
spectrum, a one photon spectrum.  In the (6,2) spectrum, the vasym peak is broadened by 
stretches at ~3700 cm
-1
 resulting from inner shell water molecules that do not donate any 
hydrogen bonds to the second shell.  This predicted broad band is inconsistent with the 
experimental spectrum as are the relative intensities of the vsym and vasym bands in the 
(6,2) spectrum.  Thus, the good agreement of the experimental spectrum with the band 
position predicted for the (5,3) structure suggests that the vibrational scaling factor 
applied here is accurate, in agreement with previous work.
20,41
 
 A bonded-OH stretch is observed near 3400 cm
-1
 in the IRMPD spectrum with an 
intensity about 20% that of the free-OH vasym, Figure 5.3.  The measured intensity is ~10 
times lower than what is predicted by theory for either the (5,3) or (6,2) isomer relative to 





Figure 5.3.  Comparison of the experimental IRMPD spectrum for Zn
2+
(H2O)8 at 215 K 
with IR spectra for four low-energy conformers predicted at the B3LYP/6-311+G(d,p) 
level of theory.  In the theoretical spectra the bonded-OH region is broadened by 50 cm
-1
 
and the free-OH region is broadened by 15 cm
-1
. The intensities of these regions are on 




divalent metal ions at small cluster size,
18-21
 which may be attributed to several 
factors,
18,20,26,29
 including the broadness of hydrogen-bonded bands relative to free-OH 
bands, as well as lower photon energy, calculation uncertainties, and anharmonicity.  
Similar broadening is seen in the bonded-OH region in a multitude of previous studies 
involving a variety of systems.
18,20,21,26,27,29,30,54,58,59
  More intense laser-induced 
photodissociation in this region has been observed for divalent metal ion crown 
complexes with methanol,
58
 which may be a result of lower binding energies or the 
different solvent molecule.  To take these effects into account, the calculated spectra (for 
all systems) are plotted using different intensity scales and Gaussian line shapes in the 
bonded-OH and free-OH regions.  The most intense bonded-OH band near 3400 cm
-1
 in 
the (5,3) complex corresponds to the stretch of a D water molecule bonded to an AA 
water molecule and agrees best with the experiment, whereas the most intense band for 
the (6,2) complex is predicted at ~3500 cm
-1
 and corresponds to the stretch of a DD 
bonded to an AA. Neither (4,4) complex is predicted to show a band at 3400 cm
-1
. 
Additionally, both 4-coordinate structures predict an intense band at < 3000 cm
-1
, 
corresponding to the donation of a hydrogen bond to an A water molecule, which is not 
found in the experiment. 
Overall, the IRMPD spectrum observed for n = 8 agrees well with the calculated 
(5,3) structures.  Small contributions from a (6,2) structure are indicated by the 3675 cm
-1
 
band which is slightly broadened at higher frequency, but there is no evidence for 
contributions from (4,4) complexes.  These results are consistent with our MP2(full) 




n = 6.  The two lowest-energy structures of Zn
2+
(H2O)6 at the DFT levels of 
theory are the (4,2)_2AA and (4,2)_AA,A, whereas MP2(full) predicts the 215 K GS to 
be the (5,1) complex and the 0 K GS to be the (6,0) isomer.  The theoretically predicted 
free-OH vsym and vasym stretches of the (4,2)_2AA complex, Figure 5.4, are red shifted 
compared to experiment and relative intensities of the vsym and vasym bands do not match 
experiment well.  The free-OH vsym band in the (5,1) complex is calculated to be at the 
same frequency as that observed in the IRMPD spectrum, whereas the vasym band is 
calculated to be ~10 cm
-1
 higher, with relative intensities of the two peaks in reasonable 
agreement with experiment.  The calculated vsym and vasym bands in the (6,0) spectrum are 
~8 and 28 cm
-1
 higher, respectively, again with relative intensities comparable to 
experiment.  The good agreement in band positions suggests that there is a significant 
population of the 5-coordinate ions in the experiment, although this assignment is not 
definitive because it depends on the specific scaling factor used.  The broadening of the 
experimental vasym band at higher frequency may be a result of contributions from the 
vasym band of the (6,0) complex.  This is consistent with the similar relative free energies 
of the (5,1) and (6,0) complexes at the MP2(full) level of theory, Table 5.1.  This 
broadening could also be the result of small contributions from the single acceptor water 
molecule found in (4,2)_AA,A, the DFT GS at 215 K. 
The 4- and 5-coordinate complexes for n = 6 are predicted to have bands in the 
bonded-OH region (D or DD) of the experimental spectrum near 3300 cm
-1
, Figure 5.4.  
The IRMPD spectrum exhibits very small amounts of photodissociation broadly centered 
at ~3400 cm
-1
.  If the intensity of the experimental photodissociation in this region is 10 
times lower than theory, as found for Zn
2+





Figure 5.4.  Comparison of the experimental IRMPD spectrum for Zn
2+
(H2O)6 at 215 K 
with IR spectra for four low-energy conformers predicted at the B3LYP/6-311+G(d,p) 
level of theory.  In the theoretical spectra the bonded-OH region is broadened by 50 cm
-1
 
and the free-OH region is broadened by 15 cm
-1
. The intensities of these regions are on 




in this region for either the 4- or 5-coordinate complexes would be close to the noise 
level.  On this basis, the very low intensity in the bonded-OH region of the n = 6 IRMPD 
spectrum is reasonable even for CN < 6.  To investigate the dissociation in this region 
more closely, the BIRD and laser photodissociation kinetics are compared, Figure 5.5.  





frequency where maximum photodissociation would occur in the bonded-OH region.  
This is consistent with the presence of the (5,1) complex, as determined from analysis of 
the free-OH stretching region. 
n = 7.  The frequencies of the free-OH vsym and vasym  bands in the IRMPD 
spectrum of Zn
2+
(H2O)7 at 3605 cm
-1
 and 3666 cm
-1
, respectively, Figure 5.6, match 
those calculated for the (5,2) structure at 3590 – 3611 cm-1 and 3659 – 3667 cm-1.  The 
(6,1) complex has higher frequency peaks centered at 3613 and 3690 cm
-1
.  The relative 
intensities calculated for both the (5,2) and (6,1) structures are consistent with the 
IRMPD spectrum with the experimental vasym peak shape being matched better by the 
(5,2) spectrum.  The predicted peak is broadened slightly on the blue side as a result of 
stretches from acceptor-only waters, i.e., those which are bound directly to the metal and 
do not participate in any hydrogen bonding.  The maxima in the vsym and vasym stretches of 
both (4,3) complexes are at lower frequencies than observed in the IRMPD spectrum, 
with additional high frequency bands that do not match the experimental spectrum well.  
The broadening on the blue side of the vasym band in the IRMPD spectrum at ~3700 cm
-1
 
could a) be from a single acceptor water molecule in either of the 4-coordinate structures, 
b) correspond to the broadening seen in the (5,2) vasym band at 3695 cm
-1
, which is the 





Figure 5.5.  BIRD and laser photodissociation data for Zn
2+
(H2O)6 at 215 K at the 
frequencies indicated.  The rate constants determined from these data are 0.0160 ± 0.0004 
s
-1
 for BIRD, 0.0183 ± 0.0002 and 0.114 ± 0.004 s
-1



















































Figure 5.6.  Comparison of the experimental IRMPD spectrum for Zn
2+
(H2O)7 at 215 K 
with IR spectra for four low-energy conformers predicted at the B3LYP/6-311+G(d,p) 
level of theory.  In the theoretical spectra the bonded-OH region is broadened by 50 cm
-1
 
and the free-OH region is broadened by 15 cm
-1
. The intensities of these regions are on 




consequence of small contributions from the blue-shifted (6,1)_AA complex.  Overall, 
the predicted (5,2) GS complex agrees best with the experimental spectrum in the free-
OH region, although contributions from the 6- and 4-coordinate structures cannot be 
ruled out, even though these complexes are calculated to be 10 and 7 kJ/mol higher in 
215 K free energy at the MP2(full) level, respectively. 
There is a small amount of photodissociation in the bonded-OH region of the 
IRMPD spectrum centered at ~3400 cm
-1
, Figure 5.6.  There is no evidence of the intense 
peak predicted at ~2850 cm
-1
 in both 4-coordinate complexes; however, this band may 
not be observed because of the low measured intensity in this region or it may be red 
shifted out of the spectral range examined.  The (4,3)_AA,2A complex is the 215 K free 
energy GS predicted by DFT and does not have a band centered at ~3400 cm
-1
.  The 
(4,3), (5,2), and (6,1) complexes have bands just below 3400 cm
-1
.  The experimental 
band shape in this region matches predicted spectra of the 5- and 6-coordinate complexes 
best.  The lack of intensity in this region could suggest some contribution from a 7-
coordinate species; however, the (7,0) complex rearranges to the more stable (6,1) 
species during geometry optimization, as discussed in Chapter 3 in agreement with an 
earlier zinc hydration report
14
 by Hartmann et al. 
n = 9.  The (5,4)_2AbAb,2AaAb structure for Zn
2+
(H2O)9 is only 2.6 kJ/mol higher 
in 215 K free energy than (5,4)_4AbAb at the MP2(full) level of theory, Table 5.1.  Both 
the free-OH vsym and vasym stretches (Figure 5.7) in the calculated spectrum of the former 
have similar frequencies and relative intensities to those in the IRMPD spectrum.  The 
(5,4)_2AbAb,2AaAb structure binds two of the outer shell water molecules to the apex 





Figure 5.7.  Comparison of the experimental IRMPD spectrum for Zn
2+
(H2O)9 at 215 K 
with IR spectra for four low-energy conformers predicted at the B3LYP/6-311+G(d,p) 
level of theory. In the theoretical spectra the bonded-OH region is broadened by 50 cm
-1
 
and the free-OH region is broadened by 15 cm
-1
. The intensities of these regions are on 




 the “a” and “b” subscripts, respectively.  The remaining two water molecules are bound 
to two water molecules in the base (AbAb).  The free-OH vasym stretch of the (5,4)_4AbAb 
complex is broadened by the OH stretch at 3709 cm
-1
 of an inner shell acceptor-only 
water molecule, and therefore appears inconsistent with the experimental spectrum. 
Likewise, the (6,3) complex has band positions that agree with experiment, but is 
broadened on the blue side for similar reasons as (5,4)_4AbAb.  The (6,3) complex is 7 
kJ/mol higher in free energy at 215 K than the (5,4) GS at the MP2(full) level of theory, 
Table 5.1.  Spectra of all 4-coordinate complexes are inconsistent with experiment for n = 
9 in the relative intensities, positions, and shapes of the free-OH vsym and vasym bands as 
well as the intense band at 3000 cm
-1
 in the bonded-OH stretch region.  In the bonded-
OH region of the experimental spectrum, there is a broad band centered near 3400 cm
-1
 
and a band at this frequency is in the calculated spectra of each isomer. 
Overall, it seems likely that the spectrum for n = 9 is similar to the n = 8 complex 
discussed above and is dominated by a CN of five although it may have contributions 
from 6-coordinate species.  The calculated spectra of the 4-coordinate species are 
inconsistent with experiment.  Additionally, the broadening on the blue side of the free-
OH vasym stretch discussed above for the n = 6 and 7 complexes is not apparent in the 
IRMPD spectra for n = 8 and 9 because the majority of inner shell water molecules are 
now contributing hydrogen bonds to the second solvent shell.  This observation suggests 
that the broadening observed in the smaller complexes is a consequence of inner shell 
acceptor-only water molecules (i.e., CN = 5 and 6 structures) rather than contributions 
from single acceptor water molecules from CN = 4 structures.  Although it is possible 




MP2(full) levels of theory are fairly consistent with regard to their predictions for the 
low-energy CN for all values of n investigated, i.e., DFT consistently predicts free energy 
GS structures with CN = 4 and MP2(full) consistently predicts free energy GSs with a 
CN = 5. 
n = 10.  Like the smaller complexes, good agreement between the IRMPD and 
theoretical spectra of Zn
2+
(H2O)10 in the free-OH region is found for the MP2(full) GS, 
(5,5)_4AbAb,Aa, Figure 5.8.  Here, contributions of the vsym and vasym of the Aa water 
molecule appear at 3634 and 3719 cm
-1
, respectively, consistent with the broadening at 
~3635 and 3715 cm
-1
 in the IRMPD spectrum.  The position and relative intensities of the 
free-OH stretches of the AA water molecules at 3634 and 3681 cm
-1
 are in excellent 
agreement with the experimental spectra.  The (6,4)_3AA,A complex is 10.8 kJ/mol 
higher in 215 K free energy than the (5,5) complex at the MP2(full) level and is also 
consistent with the IRMPD spectrum in this region, with small contributions from the 
single acceptor water molecule appearing at 3630 cm
-1
 and 3714 cm
-1
.  The (6,4)_4AA 
complex is 2 kJ/mol higher than the (6,4)_3AA,A in free energy at 215 K.  This complex 
does not have any contributions of a single acceptor water molecule and does not match 
the shape of the broad experimental vasym band.  Although contributions from 6-
coordinate complexes cannot be ruled out on the basis of spectral comparisons alone, 
significant contributions from these complexes do not seem likely on the basis of the 
relative MP2(full) free energies. 
In the bonded-OH region, the band centered ~3400 cm
-1
 increases in intensity 
from the smaller complexes to ~40% of the free-OH vasym stretch for n = 10, Figure 5.8.  





Figure 5.8.  Comparison of the experimental IRMPD spectrum for Zn
2+
(H2O)10 at 215 K 
with IR spectra for four low-energy conformers predicted at the B3LYP/6-311+G(d,p) 
level of theory. In the theoretical spectra the bonded-OH region is broadened by 50 cm
-1
 
and the free-OH region is broadened by 15 cm
-1
. The intensities of these regions are on 




theoretically predicted low-energy complexes have a band within 50 – 100 cm-1 of the 
IRMPD band.  There is a small amount of additional photodissociation between 3000 – 
3200 cm
-1
, which corresponds to the stretch of a D or DD water molecule attached to an 
A water molecule in either the second or third shell.  The best agreement in relative 
intensity for both bonded-OH bands is found with the (5,5) complex, although the higher 
frequency band is blue shifted by about 60 cm
-1
 from experiment, which seems 
inconsequential given the broadening observed in this region.  The peak position of DA 
water molecules appears at 3227 cm
-1
 for the (6,4)_3AA,A complex and 3092 cm
-1
 for 
the (5,5)_4AbAb,Aa structure, where the latter agrees better with the position and relative 
intensity of the experimental peak.  This observation cannot rule out contributions from 
the (6,4)_3AA,A complex, because the peak at 3227 cm
-1
 may be obscured by the broad 
photodissociation between 3200 – 3600 cm-1.  Both bands are also present in the 
predicted low-energy 4-coordinate complex, but the relative intensities of the two bands 
are reversed from the IRMPD spectrum. 
n = 11 and 12.  The free-OH peaks of the single acceptor water molecules near 
3635 and 3720 cm
-1
 for n = 11 and 12 continue to grow in intensity with n, but are still 
less intense than the vasym of the double acceptor water molecules at 3695 cm
-1
 in both 
spectra.  Similar to the results for n = 10, the structures having low free energies at the 
MP2(full) level, all 5-coordinate, match the experimental spectra best, Figures 5.9 and 
5.10.  For n = 12, there are six isomers that are each within 0.6 kJ/mol of the ∆H0 GS 
complex.  Only the lowest free energy complexes are shown in Figure 5.10.  There is an 
obvious peak in the IRMPD spectra of both n = 11 and 12 at ~3665 cm
-1
, which is 





Figure 5.9.  Comparison of the experimental IRMPD spectrum for Zn
2+
(H2O)11 at 215 K 
with IR spectra for four low-energy conformers predicted at the B3LYP/6-311+G(d,p) 
level of theory. In the theoretical spectra the bonded-OH region is broadened by 50 cm
-1
 
and the free-OH region is broadened by 15 cm
-1
. The intensities of these regions are on 





Figure 5.10.  Comparison of the experimental IRMPD spectrum for Zn
2+
(H2O)12 at 215 
K with IR spectra for four low-energy conformers predicted at the B3LYP/6-311+G(d,p) 
level of theory. In the theoretical spectra the bonded-OH region is broadened by 50 cm
-1
 
and the free-OH region is broadened by 15 cm
-1
. The intensities of these regions are on 




the formation of a third solvent shell at these complex sizes and agrees well with the 
MP2(full) free energy GSs, the (5,5,1) isomer for n = 11 and the (5,5,2) and (5,6,1) 
isomers for n = 12.  It seems likely that both spectra are primarily composed of CN = 5 
ions, although some population of CN = 6 cannot be ruled out in either case because of 
the similarity of the theoretical spectra in this region.  Again, the B3LYP GS structures 
have CN = 4 with predicted contributions from the single acceptor water molecules at 
~3730 cm
-1
 that are more intense than the vasym band of a double acceptor water, in 
contrast to the IRMPD spectra. 
In the bonded-OH region for n = 11 and 12, the band centered ~3400 cm
-1
 
continues to increase in intensity as n increases up to 65% of the free-OH vasym stretch for 
n = 12, Figures 5.9 and 5.10.  The low frequency peak position of the MP2(full) 215 K 
GS, the (5,5,1) complex, is most consistent with the IRMPD spectrum (~3150 cm
-1
), 
whereas these calculated bands for the (5,6) and (6,5) complexes are shifted to the blue 
by ~100 cm
-1
. Contributions from these complexes cannot be ruled out because the 
predicted low frequency band may be obscured by the larger contributions from the 
(5,5,1) complex or similar structure (although none were found in our explorations).  For 
n = 12, the (5,5,2), (5,6,1), and (6,5,1) complexes match the experiment in bonded-OH 
peak positions, but the relative intensities between the two peaks agree best with 
experiment for the (5,6,1) and (6,5,1) complexes.  Similar to the n = 10 spectra, the 4-
coordinate complexes for both n = 11 and 12 do not match as well as either the 5- or 6-
coordinate species because the relative intensities of the low frequency bands are 




Overall, it seems that the IRMPD spectra for these larger complexes is dominated 
by the 5-coordinate species with contributions from the 6-coordinate structures, which 
cause the red shift of the higher frequency band in the experiment from the predicted 
spectra of the 5-coordinate complexes.  Contributions from multiple structures could also 
explain the significant broadening in the bonded-OH stretch region.   




.  The ratio of the intensity of the vsym to 
vasym bands of Zn
2+
(H2O)6 is 0.67, which is larger compared to that of Cu
2+
(H2O)6 (CN = 
4, intensity ratio = 0.38), but much smaller than that of Ca
2+
(H2O)6 (CN = 6, intensity 
ratio = 3.94).
18-20
  This ratio has been linked to the CN of the ion, with a smaller ratio 
suggesting the contribution of some second solvent shell formation.
18,20,21,23
  This 
indicates that Zn
2+
(H2O)6 has some population with a CN < 6.  In addition, the n = 6 
spectrum for Zn
2+
 is blue shifted from that of Cu
2+
, a shift that is not consistent with CN 
= 4. 
Similar to n = 6, the vsym and vasym bands of the n = 7 spectrum are blue shifted 
from that of Cu
2+
 and the intensity ratio between these two peaks is again larger for Zn
2+
.  
Both of these observations suggest that Zn
2+
 has a larger CN than Cu
2+
 and are also 
consistent with the larger ionic radius of Zn
2+







  The n = 8 and 9 bands also blue shift by 10 – 20 cm-1 relative to the vsym 
and vasym stretches of n = 6 and 7, a trend previously correlated with the change in parent 




  The free-OH vasym 
bands of the n = 8 and 9 complexes of Zn
2+
 match those of Cu
2+
, whereas the vsym bands 




energies at these complex sizes because many water molecules are now in the second 
solvent shell.   
Unlike the n = 6 – 9 complexes, there is clear evidence of single acceptor 
hydrogen bonding near ~3635 and ~3720 cm
-1
 for n = 11 – 12, and suggestions of such 
ligands for n = 10.  At each of these three complex sizes, the single acceptor peaks are 
much less intense than those of Cu
2+




  This 
observation is in line with the discussion above, i.e., Zn
2+
 appears to have a CN greater 
than Cu
2+
 but less than Ca
2+
.  This discussion is in agreement with the comparisons above 
of experimental and theoretical spectra, which demonstrate that the coordination of Zn
2+
 
appears to be dominated by CN = 5 for complexes where n ≥ 8.  Spectral comparisons to 





, it seems that the CN of Zn
2+
 is most likely five, agreeing with the trends 





IRMPD action spectroscopy in the region of 2800 – 3800 cm-1 and quantum 
chemical calculations are used to probe the structures of Zn
2+
(H2O)n, where n = 6 – 12.  
Additionally, BIRD studies show a decrease in complex stability for n > 8 and n < 8, 
where the latter trend is a consequence of the charge separation pathway becoming the 
energetically favored product compared to loss of a water molecule at n ≤ 7, similar to 




  These results paired with the quantitative 




for reaction 5.2 remains relatively constant while the barrier for reaction 5.1 increases 
greatly as n decreases thereby favoring reaction 5.2 at a given critical size. 
 Geometry optimizations and vibrational frequency calculations for Zn
2+
(H2O)n, 
where n = 6 – 12, were performed at the B3LYP/6-311+G(d,p) level, which has 
previously been shown to yield results comparable to several other approaches, including 
those at higher levels of theory (Chapter 3).  Single point energies for the comparison of 
relative energies were performed at B3LYP, B3P86, and MP2(full) levels of theory with 
a 6-311+G(2d,2p) basis set.  On average, the free energy GS structures calculated at 215 
K at the DFT levels have a CN = 4, whereas MP2(full) predicts GSs with a CN = 5.  
Complexes having one more water molecule in the inner shell at each respective level of 
theory are higher in energy by less than 10 kJ/mol.  Theoretical spectra of 4-coordinate 
complexes, where n ≥ 6, predict stretches of single acceptor water molecules that are 
either not present or much less intense than the experiment in both the bonded and free-
OH regions.  These observations combined with comparisons to Cu
2+
 hydration (CN = 4) 
largely eliminate the presence of 4-coordinate complexes in the experimental spectra. 
 The most definitive comparison between the theoretical and experimental spectra 
for an individual hydrated complex is at n = 8 and suggests that the dominant species at 
this complex size has a CN of five, consistent with the MP2(full) relative energies.  
Larger complexes also appear to be mostly 5-coordinate, although contributions from 6-
coordinate species cannot be ruled out because of the similarity of the theoretical spectra 
in both regions.  No obvious single acceptor spectral features in both spectral regions are 
found in the experimental spectra of n = 6 – 9 but are clearly observed for n = 11 – 12.  




12.  At the MP2(full) level, six coordinate species are about 6 – 10 kJ/mol higher in free 
energy than the five coordinate complexes for n = 7 – 12, and thereby are predicted to 
comprise less than 5% of the complexes in a Maxwell Boltzmann distribution at 215 K. 
 On an individual basis, comparisons of the theoretically predicted spectra to 
experiment for the n = 6 and 7 complexes are not as conclusive as for the larger hydrated 
clusters.  Comparisons of the relative intensity and position of the free-OH vsym and vasym 




 hydrated complexes suggest that the CN of Zn
2+
 is less 
than Ca
2+
 (CN = 6) but greater than Cu
2+
 (CN = 4).  In the experimental spectrum of n = 
6, there is a slight broadening on the blue side of the free-OH vasym, which could be a 
consequence of the higher frequency vasym stretch of the (6,0) species.  This is the 
strongest evidence for a contribution from a 6-coordinate species, where the (6,0) 
complex is only 2 kJ/mol higher in free energy at 215 K than the (5,1) MP2(full) GS and 
therefore is predicted to have a population of 25% at 215 K.  As for the larger complexes, 
it appears that the favored n = 6 and 7 complexes are 5-coordinate species, agreeing with 
comparisons between experiment and theory and also validating the MP2(full) relative 
energies.  Overall, all these comparisons provide evidence that Zn has a CN = 5 with 
possible contributions from CN = 6. 
A key conclusion of this study is that B3LYP and B3P86 relative energies do not 
appear to be reliable for these hydrated complexes.  A hint of this conclusion was found 
in previous findings from Chapter 3 where the experimental bond dissociation energies 
for water loss from the n = 6 – 10 complexes were reproduced slightly better (by an 
average of 2 kJ/mol) by the MP2(full) level of theory than by the B3LYP and B3P86 




similar relative energies as MP2, although the absolute hydration energies predicted by 
M06 are not in as good agreement with experiment as the MP2 results.  In this previous 
chapter, multiple BDEs for n = 6 – 10 were reported depending on the level of theory 
used in the interpretation of the data because this small energetic preference could not 
definitively determine which level of theory gave the most accurate relative energies.  
The current study demonstrates that the BDEs obtained in Chapter 3 as interpreted using 
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SEQUENTIAL BOND ENERGIES AND BARRIER HEIGHTS 
FOR THE WATER LOSS AND CHARGE SEPARATION 
DISSOCIATION PATHWAYS OF  
CD
2+
(H2O)N, N = 3 – 11 
Abstract 
 The bond dissociation energies for losing one water from Cd
2+
(H2O)n complexes, 
n = 3 – 11, are measured using threshold collision-induced dissociation (TCID) in a 
guided ion beam tandem mass spectrometer coupled with a thermal electrospray 
ionization source.  Kinetic energy dependent cross sections are obtained for n = 4 – 11 
complexes and analyzed to yield 0 K threshold measurements for loss of one, two, and 
three water ligands after accounting for multiple collisions, kinetic shifts, and energy 
distributions.  The threshold measurements are converted from 0 K to 298 K values to 
give the hydration enthalpies and free energies for sequentially losing one water from 
each complex.  Theoretical geometry optimizations and single point energy calculations 
are performed on reactant and product complexes using several levels of theory and basis 











and the competition between this process and water loss is analyzed.  Rate-limiting 
transition states for the charge separation process at n = 3 – 6 are calculated and 
compared to experimental threshold measurements resulting in the conclusion that the 
critical size for this dissociation pathway of hydrated cadmium is ncrit = 4. 
Introduction 
Cadmium is an especially toxic and environmentally hazardous substance, whose 
anthropogenic emissions have been categorized to be 18 times higher than naturally 
occurring rates.
1,2
  Because cadmium can deactivate important proteins and enzymes, bio-
accumulate, and has a biological half-life of 10 – 30 years, the United States 
environmental protection agency (EPA) has classified cadmium as a priority pollutant.  
With such a large anthropogenic discharge into the environment, cadmium is quickly 
breaching valuable aqueous resources around the world, particularly in industrialized 
countries.  An accurate and complete understanding of the thermochemical properties and 
reaction pathways of Cd
2+
(H2O)n complexes is necessary for the efficient removal of this 
metal pollutant from these aqueous systems. 
The hydration of metal cations, both singly and multiply charged, has been 
studied extensively in the gas phase over the past two decades.
3-16
 Such studies had never 
included the thermochemistry for hydration of cadmium until our first preliminary letter
17
 
in which we experimentally examined Cd
2+
(H2O)n, n = 4 – 11, and discussed previous 
experimental and theoretical work
18-25
 on cadmium coordination behavior.  This study 









(H2O)n-1 + H2O (6.1) 
This is followed by sequential loss of additional water molecules at higher energies.  As 









The latter reaction is observed as a primary dissociation channel only for complexes of n 
= 4 and 5.  In the present chapter, we examine the competition between reactions 6.1 and 
6.2 in detail, thereby providing further thermodynamic information for both channels.      
Similar to the hydration of Zn
2+
(H2O)n examined in Chapter 3 and elsewhere,
7,26-
31
 the ground state (GS) structures and coordination number (CN) for hydrated Cd
2+
 are 
highly dependent on the level of theory used.  Our preliminary results on Cd
2+
(H2O)n 
explored the experimental dissociation pathways as predicted by MP2(full)/SD/6-
311+G(2d,2p)//B3LYP/SD/6-311+G(d,p) (with the Stuttgart-Dresden (SD) effective core 
potential and basis set for Cd)
32
 calculations of the low-energy structures and found 
excellent agreement between experimental and theoretical bond energies for water loss.  
These results indicate CN = 6, whereas B3LYP/SD/6-311+G(2d,2p)//B3LYP/SD/6-
311+G(d,p) low-energy structures of Cd
2+
(H2O)n have a smaller primary hydration shell 
(CN = 4 or 5, depending on complex size).  As shown previously in Chapters 3 and 4, our 
experimental thermochemistry can rely on the specific isomer considered, specifically 
how many inner shell versus outer shell water ligands are present in the reactants and 
products.  In order to obtain a complete understanding of the Zn
2+




reported multiple bond dissociation energies (BDEs) for Zn
2+
(H2O)n, where n = 6 – 10, 
based on differing low-energy structures predicted at MP2(full) and B3LYP levels.  
Results from this previous study combined with results from Chapter 5, which 
investigated the infrared multiple photon dissociation (IRMPD) spectroscopy 
investigation on Zn
2+
(H2O)n, where n = 6 – 12, support the GS structures predicted at the 
MP2(full) level over those predicted at the B3LYP and B3P86 levels.  Consequently, in 
the present Chapter, the thermochemical properties of Cd
2+
(H2O)n, n = 3 – 11, are based 
on the GS structures predicted at the MP2(full) level using two different basis sets. 
Compared to our previous report,
17
 we have recalculated the Cd
2+
(H2O)n 
structures at the B3LYP/SD/6-311+G(d,p) level to ensure that they are fully converged 
after the frequency calculation.  We also perform additional optimization and single point 
energy calculations using a size-consistent basis set for all atoms (Def2TZVP and 
Def2TZVPP).
33
  Ultimately, the analysis performed in the present study finds the 
threshold energies reported earlier for reaction 6.1 remain essentially the same, but now 
includes additional themochemical results and discussions of the cross sections and 
competition between reactions 6.1 and 6.2.  Additionally, the new theoretical results are 
compared with the corresponding primary thresholds for reaction 6.1. 
Experimental and Theoretical Section 
Experimental procedures.  The experimental methods used to form the 
Cd
2+
(H2O)n complexes and obtain the kinetic energy dependent cross sections for the 
collision-induced dissociation are described in detail in Chapter 2.  Briefly, the 
complexes are formed at room temperature in an electrospray ionization (ESI) source 




fragmentation technique, utilizing electrodes in the hexapole region of our source,
34
 was 
used to increase the amount of the n = 4 – 6 complexes produced by our ESI source.  
Increasing the voltage on the electrodes enhances the intensity of smaller metal hydrate 




 however, for Cd
2+
(H2O)n 
complexes, increasing the electrode voltage past the intensity peak for the n = 4 complex 
generates only charge separation products with no hydrated complexes smaller than n = 4 
being observed.  After mass selection, complexes are collided at varying pressures of Xe 
(typically about 0.05, 0.10, and 0.20 mTorr) and intensities of the reactant and product 
ions are measured.  Product and reactant ion intensities as a function of the ion kinetic 
energy in the lab frame are converted to absolute cross sections as a function of relative 




Quantum chemical calculations.  Calculations were performed using the 
Gaussian03 package,
38
 using structures found in Chapter 3 for Zn
2+
(H2O)n complexes as 
starting geometries for the Cd
2+
(H2O)n complexes.  Geometry optimizations were 
performed at the B3LYP
39,40
 level of theory with a 6-311+G(d,p) basis set on the waters 
and the Stuttgart-Dresden (SD) ECP and basis set on Cd
2+
.  Geometry optimizations were 
also performed at the B3LYP/Def2TZVP level, where the Def2TZVP basis set includes 
triple zeta + polarization functions and the SD ECP.  Both basis sets and ECPs were 
obtained from the EMSL basis set exchange
41
 and have a small effective core of 28 
electrons for Cd.
32
  Vibrational frequencies and rotational constants were also calculated 
at both levels of theory.  The calculations have been performed to ensure that each 




As described in Chapter 2, the transition state (TS) for reaction 6.2 is tight such 
that there must be an associated Coulomb barrier along the reactant coordinate for this 
dissociation channel.  These tight TSs of the charge separation processes were obtained 
using TS optimization calculations at the B3LYP/Def2TZVP level and were found to 
have one imaginary frequency.  Calculations of the TS for reaction 6.2 using the SD/6-
311+G(d,p) basis set failed, yielding more than one negative frequency or unreasonable 
structures.  The benefit of the Def2TZVP (as well as Def2TZVPP) basis sets is that they 
are balanced basis sets for all atoms, which could be the reason the SD/6-311+G(d,p) 
basis set failed for these tight TS calculations.  The rate limiting TSs of reaction 6.2 are 
labeled according to the products formed, i.e., TS[m + (n-m-1)].  All other structures were 
found to be vibrationally stable using either basis set.  Frequencies were scaled by 0.989
42
 
before being used in the RRKM threshold analysis described in Chapter 2 and in the 
calculation of the zero point energy (ZPE) and thermal corrections.  The optimized 
parameters of the water loss pathways modeled were not dependent on whether the 
frequencies used in the modeling were calculated with the Def2TZVP or SD/6-





 levels of theory using the SD/6-311+G(2d,2p) and Def2TZVPP 
basis sets.  Basis set superposition error (BSSE) corrections were calculated for reaction 
6.1 in the full counterpoise (cp) limit.
45,46
 
Results and Discussion 
CID cross sections.  Experimental cross sections for collision-induced 
dissociation with Xe were acquired for Cd
2+
(H2O)n, n = 4 – 11, Figure 6.1.  In all cases 












































Figure 6.1.  CID cross sections for the sequential water loss (lines in parts a – c and open 
symbols in parts d – h) and charge separation processes (symbols in parts a – c and solid 
symbols in parts d – h) for Cd2+Wn, where n = 4 – 11 and W = H2O colliding with Xe at 
0.2 mTorr as a function of energy in the laboratory (upper x-axis) and center-of-mass 
(lower x-axis) frames. 
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loss of additional water molecules as the translational energy increases.  The individual 
products for reactions 6.1 and 6.2 are shown in Figures 6.1a – c, the cases where reaction 




(H2O)4, and possibly Cd
2+
(H2O)3.  
The total cross section of all charge separation products is shown in Figures 6.1d – f, 
because in these three systems, these products do not compete with the two lowest energy 





(H2O)11 are shown in Figures 6.1g and h, respectively.  At these 
larger complex sizes, the charge separation products were not observed because the 
reactant ion intensity is small as is the extent of fragmentation to yield charge separation 
products. 
n = 4.  The Cd
2+
(H2O)4 reactant dissociates via both reactions 6.1 and 6.2, Figure 
6.1a.  The lowest energy charge separation process observed corresponds to reaction 6.3,  
 Cd
2+




(H2O) + Xe (6.3) 
which has a lower apparent threshold than that for formation of Cd
2+
(H2O)3 in reaction 
6.1.  This observation along with the quantitative thresholds presented below show that 
reaction 6.3 is thermodynamically favored over reaction 6.1.  Because of this, our thermal 
ESI source is limited to producing reactant ions of n ≥ 4, as discussed in detail previously 
for the hydrated Zn
2+
 system in Chapters 3 and 4.  Despite being energetically favored, 
the magnitude of the cross section for charge separation is smaller compared to that for 
water loss above about 1.3 eV, clearly indicating that charge separation is an entropically 
disfavored reaction.  Although the loss of H2O is energetically more costly than reaction 









(H2O)2 complexes at high collision energies in our CID experiments (Figures 6.1b – 
f). 




(H2O) formed in 
reaction 6.3 should be identical, but that for the protonated water cluster is smaller than 
that of its hydrated cadmium hydroxide cation partner.  Similar observations are made in 
all systems examined here, Figures 6.1a – c, and in Chapter 4 for zinc dication hydrates.  
This difference is a result of the lower collection efficiency of the lighter product ion.  
Because the products of the charge separation process pass over a large Coulomb barrier, 
there is considerable kinetic energy release in the product channel.  In particular, the 
lighter product ion can have large kinetic energies that can exceed the center of mass 
velocity, meaning that a portion of these ions can travel backwards in the laboratory 
frame and are lost at the entrance to the octopole ion guide under the focusing conditions 
usually used.  Focusing conditions in which such backward scattered products are 
reflected at the entrance and therefore collected at the detector can be used and 
demonstrate that the protonated water cross sections increase to match those of the 
hydrated metal hydroxide cation.  Under such conditions, the cross sections of all heavy 
ion products (i.e., the singly charged hydrated metal hydroxide and the doubly charged 
hydrated metal) are unaffected.  However, these focusing conditions greatly lower the 
overall reactant ion intensity leading to an increase in the total experimental collection 
time and reduced signal to noise.  Therefore, the data shown are collected under standard 




cross section is the more accurate determination of the absolute cross section for the 
charge separation processes.   
The CdOH
+
(H2O)2 product cross section decreases above 1.8 eV, indicating that it 
must be dissociating, as also indicated by the observance of CdOH
+
(H2O).  The onset in 
the CdOH
+
(H2O) product cross section exhibits a pressure effect, such that the low 
energy feature below 1.8 eV disappears upon extrapolation to zero pressure, Figure 6.1a.  
Above about 2.4 eV in Figure 6.1a, there is a 40% increase in the H
+
(H2O) product cross 
section, observed more easily on a linear y-axis scale, that is mirrored in the sum of the 








(H2O) + Xe (6.4) 
This reaction is plausible because the charge separation process should be energetically 
favored over the loss of a water ligand for all complexes smaller than n = 4, a trend 
discussed in Chapter 4 for the related zinc system.  Therefore, the CdOH
+
(H2O) product 
cross section can have contributions from both reaction 6.4 and water ligand loss from 
the CdOH
+
(H2O)2 product, while H
+
(H2O) is formed in both reactions 6.3 and 6.4.  These 
trends and pathways are discussed further below in the context of the available 
thermochemistry. 
 Although the relative magnitudes of the product cross sections shown in Figure 
6.1a provide good qualitative information, the absolute magnitudes of these products may 




(H2O)4 reactant has the same mass as K
+
(H2O)3, a 






product is shown in Figure 6.1a, as this product has the same mass as a K
+
(H2O)2 
product.  Utilization of other isotopes of Cd
2+
 were equally problematic because the other 





(H2O)5.  Studies using different metals hydrated with 
D2O have been attempted, but the intensities of pure M
2+
(D2O)n complexes formed in our 
source are not sufficient to conduct TCID experiments.  It should be noted that this 
contamination problem does not affect the thermochemical and threshold information 
derived from the primary water loss or charge separation products of the dissociation of n 
= 4.  It only affects the absolute values of the cross sections and therefore the σ0,j values 
(described in Chapter 2) used in the modeling.  No other Cd
2+
(H2O)n complexes had 
similar difficulties. 
 n = 5. In the dissociation of Cd
2+
(H2O)5, products are observed for reactions 6.1 
and 6.5, Figure 6.1b. 
 Cd
2+




(H2O)2 + Xe (6.5) 
Both products formed in reaction 6.5 have a higher apparent threshold than the water loss 
product from reaction 6.1 indicating that reaction 6.1 is energetically favored over 
reaction 6.5.  Products of reaction 6.5 have a much smaller cross section than the 
Cd
2+
(H2O)4 product (by over two orders of magnitude) because reaction 6.5 is both 
thermodynamically and entropically disfavored over reaction 6.1.  Reaction 6.3 is also 
observed in the sequential dissociation of Cd
2+
(H2O)5, as evidenced by the increase in 
magnitude of the CdOH
+
(H2O)2 cross section above ~1.4 eV.  Further, this second feature 
is not observed in the H
+






(H2O) product associated with reaction 6.3.  As in Figure 6.1a, the threshold for 
reaction 6.3 (as exhibited by both the second feature of CdOH
+
(H2O)2 and the onset of 
H
+
(H2O)) appears close to but slightly below that for formation of Cd
2+
(H2O)3.  
Examination of the CdOH
+
(H2O) cross section also shows two features, both of which 
start at ~1 eV above the more obvious onsets in the CdOH
+
(H2O)2 cross section.  In both 
cases, the CdOH
+
(H2O) product is probably formed by water loss from the CdOH
+
(H2O)2 
product formed in reactions 6.3 and 6.5, but could also have contributions from reaction 
6.4 at higher energies, as discussed in further detail below. 
 n = 6.  The dominant reaction observed in the dissociation of Cd
2+
(H2O)6 is loss 
of a single water molecule, followed by the sequential loss of additional water molecules 
as the collision energy increases down to nmin = 2.  For n = 6, no additional charge 
separation products were observed other than those already discussed for the smaller 
complexes, Figure 6.1c.  Thus reaction 6.2 is higher in energy than both reaction 6.1 and 
the sequential loss of another water ligand to form Cd
2+
(H2O)4, consistent with the 
discussions above and Figure 6.1b.  Above about 2 eV, the CdOH
+
(H2O)2 product 
continues to increase in magnitude while the H
+
(H2O)2 product cross section levels and 
then begins to gradually decrease above 3 eV, most likely corresponding to a water loss 
dissociation.  As in Figure 6.1b, the additional increase in the CdOH
+
(H2O)2 product 
cross section matches the appearance of the H
+
(H2O) product indicating the onset of 
reaction 6.3.  Unlike Figures 6.1a and 6.1b, the products of reaction 6.3 appear to have a 
higher apparent threshold than that for the formation of Cd
2+
(H2O)3, but because these 
ion intensities are now all much smaller, this is simply an issue of sensitivity.  As in 
Figure 6.1b, the CdOH
+




correspond to water loss dissociation from the CdOH
+
(H2O)2 products formed in 
reactions 6.3 and 6.5 with possible contributions from reaction 6.4. 
n = 7 – 11.  In all cases, the dominant reactions are the loss of a single water 
molecule, reaction 6.1, followed by loss of additional water molecules as the collision 
energy increases, Figures 6.1d – h.  For these five systems, the charge separation 
reactions observed do not complicate the dissociation of the first two water ligands.  The 
Cd
2+
(H2O)11 reactant was observed with very small intensity such that data for loss of 
only the first two water ligands was collected, Figure 6.1h, although loss of three waters 
was observed experimentally.   
As mentioned above, the smallest cadmium water complex observed is 
Cd
2+




(H2O)2 product cross sections are 
considerably smaller than that of the Cd
2+
(H2O)4 product by factors of about 2 and 60 at 
elevated collision energies in Figure 6.1b (and even larger factors for larger parent 







(H2O)2 are considerably larger than between any other pair of sequential 
products.  These observations parallel those found in our hydration studies of Zn
2+
 (nmin = 




 (nmin = 0).
47,48
  For all four metal 
dications, the general trends are explained by gradually increasing hydration energies as n 









another possible contribution comes from the enhanced stability given by the 18e
–
 rule, as 
fulfilled for their n = 4 complexes, and discussed further below.  Another contributing 
factor to the substantial decrease in the magnitude of the Cd
2+
(H2O)2 cross section comes 








 product channel 





in contrast to observations for reactions 6.3 and 6.5 versus reaction 6.1 for n = 4 and 5, 
respectively.  The relative energetics are discussed more quantitatively below.  Of course, 
such minimum sizes have been reported previously for Cd
2+
(H2O)n as nmin = 1
9
 and ≤ 7;10 
however, such comparisons are not very useful as the minimum size observed is very 
dependent on instrumental sensitivity, source conditions, and collision conditions. 
Theoretical geometries: Cd
2+
(H2O)n.  In the 0 K GS geometries for n = 1 – 6, all 
water ligands bind directly to the cadmium ion, in agreement with previous works,
24,25
 
and are comparable to structures reported for Zn
2+





Not surprisingly, the cadmium complexes have longer metal oxide bond distances than 
their zinc analogues by 0.20 – 0.23 Å because the cadmium ion radius is larger by 0.21 Å 
(0.99 Å for Cd
2+
 versus 0.78 Å for Zn
2+
), but have shorter metal oxide bonds than the 
analogous calcium complexes by 0.08 – 0.18 Å because of the larger ion radius of Ca2+ 
(1.05 Å).
49
  The Cd
2+
(H2O)n, where n = 1 – 6, complexes have C2v, D2d, D3, S4, C2v, and 




(H2O)3 complex is 
slightly more symmetric than Zn
2+
(H2O)3, which only has C2 symmetry. 
 As water molecules bind in the second or third solvent shells, our (x,y,z) 
nomenclature describes the different conformations of Cd
2+
(H2O)x(H2O)y(H2O)z, where x, 
y, and z are the number of water molecules in the first, second, and third shells, 
respectively.  When needed, this designation is augmented by the hydrogen bonding 
motif of the isomer, where a second shell water molecule that hydrogen bonds to two 




water molecule that forms only one hydrogen bond to the inner shell is a single acceptor 
(A).  An inner shell water molecule that donates either one or two hydrogen bonds is 
designated as a single or double donor (D or DD, respectively).  Water molecules in the 
second shell that hydrogen bond to water molecules in the third shell are a combination 
of both an acceptor and donor water molecule and are named accordingly. 
 A number of additional higher energy isomers were also calculated for all inner 
shell sizes of the n = 5 – 11 complexes.  Because of the large number of high and low-
energy isomers investigated using the two different basis sets, only the low-energy 
complexes for each level of theory are discussed here.  Relative 0 K enthalpies and 298 K 
free energies for the low-energy isomers of different inner shell sizes are presented in 
Table 6.1 for results calculated using both the SD/6-311+G(2d,2p)  and Def2TZVPP 
basis sets at the B3LYP and MP2(full) levels.  Similar calculations using the B3P86 level 
of theory were also performed, yielding results close to those of the B3LYP level and 
therefore are not presented here.  In general, trends in the relative energetics for both 
basis sets are in agreement with each other, although specific complexes where results 
disagree are discussed below. 
 For n = 6, the 0 K GS is the (6,0) structure at each level of theory and at 298 K for 
MP2(full) and B3LYP/Def2TZVPP calculations; whereas, B3LYP/SD/6-311+G(2d,2p) 
calculations find that the (6,0) complex is within 1 kJ/mol of a (5,1)_Aa GS complex 
(where the Aa designation indicates that the sixth water is singly hydrogen bound to the 
apex water in a square pyramid inner shell). The (5,1)_AbAb complex is also low in 
energy at the DFT levels, where the second shell water forms two hydrogen bonds with 




Table 6.1.  Relative calculated enthalpies (ΔH0) and Free Energies (ΔG298)
a
 in kJ/mol of 
Cd
2+
(H2O)n.   
  SD/6-311+G(2d,2p) Def2TZVPP 









5 (5,0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 
 (4,1)_A 11.1 (4.8) 26.2 (20.0) 9.9 (4.9) 18.6 (13.6) 
6 (6,0) 0.0 (1.4) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 
 (5,1)_AbAb 3.7 (1.0) 17.1 (13.1) 3.0 (0.6) 11.0 (8.6) 
 (5,1)_Aa 10.7 (0.0) 26.8 (14.7) 10.0 (0.6) 19.5 (10.1) 
 (4,2)_2AA 9.8 (15.8) 35.0 (39.6) 8.1 (13.7) 22.8 (28.4) 
7 (6,1)_AA 4.8 (1.0) 0.0 (0.0) 7.1 (2.8) 0.0 (0.0) 
 (5,2)_2AbAb 0.0 (1.6) 8.4 (13.8) 0.0 (0.9) 0.7 (5.9) 
 (5,2)_AbAb,Aa 7.1 (0.0) 18.4 (15.1) 7.5 (0.0) 9.9 (6.8) 
 (4,3)_4D_AA,2A 15.5 (3.6) 41.7 (33.6) 14.8 (3.1) 26.5 (19.2) 
 (7,0) 39.8 (31.8) 22.4 (18.2) 42.9 (35.5) 26.3 (23.3) 
8 (6,2)_4D_2AA 2.9 (1.2) 0.0 (0.0) 5.6 (5.0) 0.0 (3.1) 
 (6,2)_2D,DD_2AA 3.8 (4.0) 0.9 (2.7) 10.1 (1.5) 4.9 (0.0) 
 (5,3)_2AbAb,AaAb 0.0 (2.2) 11.8 (15.6) 0.0 (0.4) 3.3 (7.5) 
 (5,3)_3AbAb 2.3 (2.2) 13.7 (15.3) 2.4 (0.0) 5.3 (6.7) 
 (5,3)_2AbAb,Ab 5.7 (0.0) 19.8 (15.7) 6.3 (0.2) 11.6 (9.3) 
  (4,4)_2AA,2A 15.4 (9.4) 43.6 (39.3) 14.2 (6.1) 27.6 (23.2) 
9 (6,3)_6D_3AA 0.0 (4.5) 0.0 (4.0) 0.0 (8.9) 0.0 (4.8) 
 (6,3)_4D,DD_3AA 2.8 (1.0) 2.4 (0.0) 2.9 (4.4) 2.6 (0.0) 
 (5,4)_3AbAb,Aa 7.3 (0.2) 23.5 (15.8) 6.1 (3.3) 16.5 (9.6) 
 (4,5)_AA,4A 25.0 (0.0) 61.1 (35.6) 22.0 (0.0) 44.7 (18.7) 
10 (6,4)_4AA 0.0 (5.6) 0.0 (0.3) 0.0 (4.8) 0.0 (0.0) 






 ΔG298 values given in parenthesis.  
b
 Single point energies calculated at each respective 
level shown using a SD/6-311+G(2d,2p) basis set with geometries calculated at 
B3LYP/SD/6-311+G(d,p).  ZPE correction included.  
c
 Single point energies calculated at 
each respective level shown using a Def2TZVPP basis set with geometries calculated at 
B3LYP/Def2TZVP.  ZPE correction included.  
d 
Structure never converged in the 
geometry optimization calcall step. 
Table 6.1. continued 
  SD/6-311+G(2d,2p) Def2TZVPP 









 (6,4)_2AA,AAD,A1A2 4.5 (12.5) 2.8 (5.5) 5.5 (15.4) 3.9 (8.9) 
 (5,5)_4AbAb,Aa 0.8 (0.0) 17.3 (11.2) 0.0 (0.0) 9.5 (4.6) 
  (4,6)_2AA,4A 17.1 (7.6) 51.2 (36.4) 14.0 (1.8) 35.3 (18.3) 
11 (6,5)_3AA,AAD,A1A2 0.0 (13.3) 0.0 (6.5) 0.5 (16.8) 0.0 (6.4) 
 (6,5)_4AA,A 3.5 (5.5) 4.8 (0.0) 3.5 (9.1) 4.4 (0.0) 









(5,2)_2AbAb (the DFT GS at 0 K), and (5,2)_AbAb,Aa (the DFT GS at 298 K).  This latter 
structure has one A water molecule forming a single hydrogen bond to the inner shell 
thereby making a weaker bond compared to an AA water, but such an arrangement is 
entropically favored over the (5,2)_2AbAb because of the near free rotation allowed for 
the A water. 
In the work of Pye et al.
25
 a slightly different (6,1)_AA complex was reported as 
the GS, having C2 symmetry (such that there are fewer hydrogen bonds between water 
molecules in the inner shell), which we find to be higher in energy by 3 kJ/mol at 0 K, 
after including ZPE correction, (3 kJ/mol for ΔΔG298, after thermal correction to 298 K) 
at the MP2(full)/SD/6-311+G(2d,2p) level.  Chillemi et al.
24
 reported a (7,0) GS with C2 
symmetry using a Hartree Fock (HF) level of theory with the LANL2DZ ECP on Cd
2+
 
and a cc-pVTZ basis set on the waters.  However, we find that (7,0) is higher than the 
(6,1)_AA complex by 23 kJ/mol at 0 K (19 kJ/mol for ΔΔG298) using the SD ECP on Cd.  
This is in accord with the theoretical and experimental results from Pye and co-workers,
25
 
who found that (7,0) is about 20 kJ/mol higher in energy than their (6,1)_AA complex at 
both the HF and MP2 levels using a number of different basis sets and ECPs.  They also 
found no evidence of a heptacoordinate structure using Raman spectroscopy. 
For n = 8, the MP2(full)/SD/6-311+G(2d,2p) GS is the (6,2)_4D_2AA complex at 
both 0 and 298 K, whereas, the (6,2)_2D,DD_2AA complex is 1 – 3 kJ/mol higher in 
energy, Figure 6.2.  Interestingly, at the MP2(full)/Def2TZVPP level, the 
(6,2)_2D,DD_2AA complex is the free energy GS by 3 kJ/mol but higher in 0 K enthalpy 






Figure 6.2.  Low-energy isomers of Cd
2+
(H2O)8 calculated at the B3LYP/SD/6-
311+G(d,p) level of theory. 
(6,2)_4D_2AA                                  (6,2)_2D,DD_2AA
(5,3)_2AbAb,AaAb (5,3)_2AbAb,Ab




MP2(full) level.  The DFT relative energies for these (6,2) complexes are higher in 
energy by 1 – 5 kJ/mol in 298 K free energy (ΔΔH0 = 3 – 10 kJ/mol) over 5-coordinate 
complexes using either basis set.  These DFT levels predict the 0 K GS to be 
(5,3)_2AbAb,AaAb, however, this complex has essentially the same (within 2 kJ/mol) 298 
K free energy as the (5,3)_2AbAb,Ab and (5,3)_3AbAb complexes.  All 5-coordinate 
complexes are higher in 298 K free energy than the 6-coordinate GS by 7 – 16 kJ/mol at 
the MP2(full) level.  The (4,4)_2AA,2A complex is higher in 298 K free energy by 6 – 9 
kJ/mol at the DFT levels and 23 – 39 kJ/mol at the MP2(full) level. 
 For n = 9 and 10, the 0 K GSs are the (6,3)_6D_3AA and (6,4)_4AA complexes 
at all levels of theory.  At 298 K, MP2(full) calculations find that the (6,3)_4D,DD_3AA 
complex is favored by 4 kJ/mol using either basis set and for n = 10, find two low-energy 
complexes at 298 K, (6,4)_4AA and (6,4)_3AA,A, which lie within 4 kJ/mol of one 
another at 0 and 298 K.  In contrast, DFT calculations find that the 6-coodinate species 
are higher in free energy for both n = 9 and 10.  For n = 9, the (4,5)_AA,4A complex is 
the 298 K GS using either basis set, but is higher in 0 K enthalpy (ΔΔH0 = 22 – 25 
kJ/mol).  Close in free energy to the (4,5) complex is the (5,4)_3AbAb,Aa, similar to 
(5,5)_4AbAb,Aa, the DFT free energy GS structure for n = 10 found with both basis sets. 
 For n = 11, the 0 K GS complex at the B3LYP/SD/6-311+G(2d,2p) and both 
MP2(full) levels is the (6,5)_3AA,AAD,A1A2 complex, where one double acceptor water 
hydrogen bonds to both the first and second solvent shell (A1A2) thereby forming a ring-
like series of hydrogen bonds (which we have previously called AAp because a pseudo 
third solvent shell is formed).  Thus, there is also a second shell water that is both a 




energy GS complex is lower by 6 – 7 kJ/mol at the MP2(full) level using either basis set; 
however, this complex is 6 – 9 kJ/mol higher in free energy than the 
(5,5,1)_3AA,A,AAD_A structure at the DFT levels (although this structure could not be 
fully converged using the Def2TZVP basis set because of large motions and 
displacements of the single acceptor waters).  No 4-coordinate structures were calculated 




(H2O)n.  The conflicting theoretical results on the predicted 
low-energy structures between the DFT and MP2(full) levels are similar to our recent 
investigation of zinc hydration, Chapters 3 and 4.  In the case of hydrated zinc, the DFT 
levels favored 4-coordinate complexes as the GSs, with 5- and 6-coordinate complexes 
higher in 298 K free energy by 1 – 12 kJ/mol and 7 – 36 kJ/mol, respectively, for n = 6 – 
10.  In contrast, the MP2(full) level of theory favored 5-coordinate complexes over both 
4- and 6-coordinate structures by 2 – 8 kJ/mol and 4 – 16 kJ/mol, respectively.  The M06 
functional,
50,51
 which is specifically designed to handle hydrogen bonding, gave similar 
relative energies as those predicted by the MP2(full) level.  The experimental bond 
dissociation energies (BDEs) for water loss from the n = 6 – 10 complexes were 
reproduced by an average of 2 kJ/mol better using the structures and energies predicted 
by the MP2(full) level of theory over the B3LYP and B3P86 levels.  (Calculations using 
the M06 functional were in poor agreement with experiment, Chapter 3.)  Although a 2 
kJ/mol difference is hardly conclusive, this observation suggests that the GS structure of 
gas phase hydrated Zn
2+
 is 5-coordinate and that the MP2(full) level is more accurate 




infrared photodissociation spectroscopic studies, Chapter 5, which show a preference for 
a coordination number of five with possible contributions from six.  No evidence 
consistent with 4-coordinate species was observed.  A key conclusion of this 
spectroscopy study was that B3LYP and B3P86 relative energies do not appear to be 
reliable for these hydrated complexes, therefore, the MP2(full) predicted low-energy 
complexes of Cd
2+
(H2O)n will be used in the analysis of our experimental data.   
The results of the MP2(full) calculations predict that the low-energy structures of 
hydrated Cd
2+
 have an inner shell of six, one water molecule larger than those predicted 
for hydrated Zn
2+
.  This difference is a consequence of the larger ionic radius of Cd
2+
 
versus that of Zn
2+
, 0.99 and 0.78 Å,
49




Theoretical geometries: charge separation transition states.  The rate-limiting 
step of reaction 6.2 is needed for the thermochemical analysis of this dissociation and 
involves the H
+
(H2O)n-m-1 pulling away from the complex leaving CdOH
+
(H2O)m, where 
m = 3 for n = 6, m = 2 for n = 5 and 4, and m = 1 for n = 3.  The optimized tight TSs of 
the charge separation processes occurring for n = 3 – 6 are shown in Figure 6.3.  In all 




(H2O)n-m-1 portions of each TS have geometries 
similar to their respective GS products.  Although complete reaction coordinate diagrams 
were not calculated for these charge separation reactions, the TSs shown correspond to 
the Coulomb barrier associated with the approach of the two singly charged product ions, 
which must be the rate-limiting TS along the reaction coordinate.  This was explicitly 
shown to be the case in Chapter 4 for the charge separation of Zn
2+










(H2O)n-m-1, where m = 1, 2, 2 and 3 and n-m-1 = 









complete reaction coordinate was calculated.  The barrier heights of these processes will 
be discussed in quantitative detail below. 
Thermochemical results.  Cross sections for the primary and secondary 
dissociation products were analyzed in several ways, with Table 6.2 summarizing the 
average optimum modeling parameters.  Threshold E0 values are given for the primary 
dissociation of each complex from modeling a single dissociation channel and including 
lifetime effects.  If lifetime effects are not included, the threshold obtained from analysis 
is higher because of a kinetic shift, which is appreciable for most complexes, and 
increases from 0.18 eV at n = 4 to 0.68 eV at n = 11.  The vibrational frequencies 
calculated at the B3LYP/SD/6-311+G(d,p) level were used in the RRKM analysis 
presented here, although it was verified that the optimum modeling parameters do not 
change outside of the listed uncertainties when frequencies calculated at the 
B3LYP/Def2TZVP level are used instead.  Because theory predicts close relative 
energetics for these systems, the experimental data for the n = 8 and 10 complexes were 
also interpreted assuming two additional structures.  For n = 10, MP2(full)/SD/6-
311+G(2d,2p) calculations indicate that the (6,4)_3AA,A isomer is in thermal 
equilibrium with the (6,4)_4AA reactant and may dissociate to the (6,3)_6D_3AA 
complex.  Assuming that the n = 10 reactant complex is (6,4)_3AA,A instead of 
(6,4)_4AA lowers the threshold by 0.05 eV to 0.44 ± 0.05 eV because of a change in the 
kinetic shift.  Similar changes in kinetic shifts are discussed in detail in our previous zinc 
hydration study in Chapter 3.  Briefly, if the assumed reactant complex has more outer 
shell waters with lower torsional frequencies (i.e., more single acceptor water molecules), 




Table 6.2.  Optimized Parameters from Analysis of CID Cross Sections
a
 








 52 (3) 0.6 (0.1) 1.61 (0.05) 25 (5) 
 (4,0) TS[2+1]
b
 5 (1) 0.4 (0.1) 1.34 (0.04) 29 (5) 
 (4,0) (3,0)
c
 48 (3) 0.8 (0.1) 1.52 (0.04) 20 (5) 
  TS[2+1]
c
 0.03 (0.03) 0.8 (0.1) 1.31 (0.03) 29 (5) 
5 (5,0) (4,0)
b
 70 (4) 0.8 (0.1) 1.11 (0.05) 60 (5) 
 (5,0) (4,0)
d
 72 (4) 0.8 (0.1) 1.11(0.05) 60 (5) 
  (3,0)
d
 29 (4) 0.8 (0.1) 2.73 (0.05)  
 (5,0) TS[2+2]
b
 2 (2) 0.1 (0.2) 1.21 (0.07) 39 (5) 
 (5,0) (4,0)
c
 68 (7) 0.8 (0.2) 1.10 (0.03) 60 (8) 
  TS[2+2]
c
 0.1 (0.2) 0.8 (0.2) 1.14 (0.03) 39 (5) 
 (5,0) (3,0)
e
 39 (11) 0.2 (0.1) 2.72 (0.11) 22 (5) 
  (2,0)
e
 1 (0.5) 0.2 (0.1) 4.85 (0.18)  
6 (6,0) (5,0)
b
 64 (4) 0.9 (0.1) 0.90 (0.05) 56 (5) 
 (6,0) (5,0)
d
 65 (3) 0.9 (0.1) 0.90 (0.04) 56 (5) 
  (4,0)
d
 60 (20) 0.9 (0.1) 2.10 (0.05)  
 (6,0) (4,0)
e
 60 (12) 0.7 (0.2) 1.97 (0.08) 57 (5) 
  (3,0)
e
 11 (3) 0.7 (0.2) 3.75 (0.20)  
7 (6,1) (6,0)
 b
 80 (4) 0.8 (0.1) 0.70 (0.05) 39 (4) 
 (6,1) (6,0)
d
 77 (5) 0.9 (0.1) 0.67 (0.05) 41 (4) 
  (5,0)
d
 78 (12) 0.9 (0.1) 1.67 (0.07)  
8 (6,2) (6,1)
b
 96 (5) 0.8 (0.1) 0.66 (0.06) 63 (5) 
 (6,2) (6,1)
d
 88 (5) 0.9 (0.1) 0.62 (0.08) 63 (4) 
  (6,0)
d
 75 (7) 0.9 (0.1) 1.37 (0.09)  
 (6,2)_2D,DD_2AA (6,1)
 b





Uncertainties in parentheses.  
b 
Single channel dissociation model.  
c 
Competitive 
dissociation model.  
d 
Sequential dissociation model.  
e
 Tertiary fit using the sequential 
dissociation model. 
Table 6.2. continued 








 109 (2) 0.8 (0.1) 0.61 (0.05) 59 (5) 
 (6,3)_4D,DD_3AA (6,2)
d
 103 (3) 0.7 (0.1) 0.62 (0.06) 59 (4) 
  (6,1)
d
 70  (11) 0.7 (0.1) 1.34 (0.08)  
10 (6,4) (6,3)
b
 95 (6) 0.9 (0.1) 0.49 (0.05) 18 (5) 
 (6,4) (6,3)
d
 91 (2) 0.9 (0.1) 0.45 (0.06) 19 (4) 
  (6,2)
d
 75 (5) 0.9 (0.1) 1.16 (0.07)  
 (6,4)_3AA,A (6,3)
b
 91 (2) 0.9 (0.1) 0.44 (0.05) 9 (5) 
11 (6,5)_4AA,A (6,4)
 b
 59 (4) 1.1 (0.1) 0.43 (0.05) 23 (4) 
 (6,5)_4AA,A (6,4)
d
 59 (4) 1.1 (0.1) 0.41 (0.06) 23 (5) 
  (6,3)
d




increases the kinetic shift thereby lowering the 0 K threshold, as seen for the 
(6,4)_3AA,A reactant.  For n = 8, the (6,2)_2D,DD_2AA primary dissociation to 
(6,1)_AA is now included because the MP2(full)/Def2TZVPP level predicts this reactant 
complex to be the 298 K free energy GS as opposed to the (6,2)_4D_2AA complex 
predicted by the MP2(full)/SD/6-311+G(2d,2p) level.  Here, there is a negligible change 
to the threshold (a difference of 0.01 eV) because of the similarities in the hydrogen 
bonding network of these two complexes. 





(H2O)5 are both influenced by the competition between 
the water loss and charge separation processes.  For competing channels, the 
thermodynamically favored reaction pathway will remain largely unaffected, but the 
threshold of the disfavored pathway will shift to lower energies once competition is 
accounted for, known as a competitive shift.  (Note that the uncertainty in the relative 
thresholds for competing channels is typically lower than the combined absolute 
uncertainties for each individual channel because several contributions to the uncertainty 
cancel in the relative value.)  For reasons discussed previously in our study of charge 
separation in the zinc system, Chapter 4, the lowest five vibration frequencies of the tight 
TSs were changed to rotational degrees of freedom in our threshold analysis for n = 4 and 
5 to better reproduce the energy dependence of the experimental cross sections of the 
charge separation products.  For each of these TSs, one vibrational frequency corresponds 
to a torsion of the complex about the reaction coordinate and the other four vibrations are 








Figure 6.4 shows a representative model for the competitive dissociation of 
Cd
2+
(H2O)4.  The rate limiting TSs for reaction 6.2 are abbreviated according to the 
products formed, i.e., TS[m + (n-m-1)].  For n = 4, the thermodynamically favored 
TS[2+1] has a threshold of 1.31 – 1.34 eV whether the cross section is fit independently 
or with competition; whereas the water loss channel shifts down from 1.61 ± 0.05 eV to 
1.52 ± 0.04 eV, a competitive shift of 0.09 ± 0.03 eV, Table 6.2.  The charge separation 
dissociation pathway is favored by 0.18 – 0.21 ± 0.03 eV over the water loss channel.  A 
similar competitive shift of 0.08 eV for the analogous water loss dissociation channel was 
seen in the zinc hydration study, which favored the charge separation channel by 0.13 eV 
for the dissociation of Zn
2+
(H2O)7, Chapter 4. 
The water loss threshold for n = 5 remains between 1.10 – 1.11 eV regardless of 
how this cross section is analyzed, Table 6.2.  However, the threshold for charge 
separation at n = 5, TS[2+2], is 1.14 ± 0.03 eV and shifts up by 0.07 ± 0.04 eV if 
competition is not included.  This competitive shift is smaller than that for the analogous 
charge separation dissociation of Zn
2+
(H2O)8 (also the thermodynamically disfavored 
pathway) of 0.16 eV. The competitive shift seen for the Cd
2+
(H2O)5 system is probably 
smaller because of the proximity in the  thresholds for the water loss and charge 
separation pathways, which only differ by 0.03 – 0.04 ± 0.03 eV in favor of the water 
loss channel, compared to the Zn
2+
(H2O)8 system, where the water loss pathway is 
favored by 0.07 – 0.09 eV. 
Water loss secondary threshold energies. There is no primary charge separation 
process to complicate the dissociation of Cd
2+
(H2O)n, where  n = 6 – 11, therefore, the 




Figure 6.4.  Cross sections for the CID of Cd
2+
(H2O)4 with 0.15 mTorr of Xe.  Solid 
lines show the best fit to the primary water loss and the competing charge separation 
product ion using the primary model convoluted over the kinetic and internal energy 
distributions of the neutral and ionic reactants.  Dashed lines show the models in the 
absence of experimental kinetic energy broadening for reactants with an internal energy 
of 0 K.  Optimized parameters for this model are found in Table 6.2. 
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, and the results are reported in Table 6.2.  In modeling the secondary (and 
primary) dissociation, the reactant isomer is assumed to be the 298 K GS (as this species 
should have the dominant population in a thermally equilibrated source) and the product 
isomer is the 0 K GS (as our threshold analysis is dominated by the lowest 0 K enthalpy 
species), which goes on to dissociate to the 0 K GS secondary product isomer, as 
described in Chapter 3.  As for competing channels, the uncertainty in the “sequential 
BDE”, which is derived from the difference between the primary and secondary 
thresholds, is typically lower than the calculated absolute uncertainty for primary and 
secondary thresholds because several contributions to the uncertainty in the energy cancel 
in the relative value.  A representative model is shown in Figure 6.5 for the sequential 
dissociation of Cd
2+
(H2O)8 assumed to be a (6,2)_4D_2AA reactant dissociating to (6,1) 
+ H2O and (6,0) + 2H2O.  From this point forward, we abbreviate our naming scheme to 
(x,y) for the lowest energy isomer of each inner solvent shell, except for instances where 
the ΔG298 and ΔH0 complexes differ at the MP2(full)/SD/6-311+G(2d,2p) level, where the 
full name of the ΔG298 GS is given.  In cases where the GS differs between the two basis 
sets, the full name of the GS predicted by the Def2TZVPP basis set is given. 
For the sequential dissociation of Cd
2+
(H2O)11, modeled as (6,5)_4AA,A → (6,4) 
+ H2O → (6,3) + 2H2O, the sequential BDE for the dissociation energy of Cd
2+
(H2O)9-
H2O is 0.65 ± 0.07 eV.  This result is 0.16 ± 0.09 eV higher in energy than the primary 
water loss threshold of 0.49 ± 0.05 eV for n = 10 when modeled as a (6,4) → (6,3) + H2O 
process.  This difference will be discussed further below. 
The secondary threshold for n = 10 is 1.16 ± 0.07 eV, modeled as (6,4) → (6,3) + 




Figure 6.5.  Zero pressure extrapolated cross sections for the CID of Cd
2+
(H2O)8 with 
Xe.  Solid lines show the best fit to both the primary and secondary water loss products 
using the sequential model convoluted over the kinetic and internal energy distributions 
of the neutral and ionic reactants.  Dashed lines show the models in the absence of 
experimental kinetic energy broadening for reactants with an internal energy of 0 K.  
Optimized parameters for this model are found in Table 6.2. 
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(H2O)8-H2O.  This sequential BDE is 0.10 ± 0.08 eV higher than the primary 
dissociation threshold for n = 9.  For n = 9, the sequential model gives a relative threshold 
value of 0.72 ± 0.03 eV for Cd
2+
(H2O)7-H2O, as modeled assuming a (6,3)_4D,DD_3AA 
→ (6,2) + H2O → (6,1) + 2H2O process, only 0.06 ± 0.07 eV higher than the primary 
dissociation threshold for n = 8, within experimental uncertainty.  For n = 6 – 8, the 
primary-secondary threshold differences are 0.05 – 0.10 eV higher than their primary 
dissociation counterparts.  Specifically, for n = 8 the sequential BDE for Cd
2+
(H2O)6-H2O 
is 0.75 ± 0.03 eV, which is in good agreement with the primary threshold for n = 7 at 





(H2O)4-H2O are 1.00 ± 0.03 eV and 1.20 ± 0.04 eV, respectively. These are 0.10 ± 
0.06 and 0.09 ± 0.06 eV higher in energy than their primary counterparts of 0.90 ± 0.05 
eV and 1.11 ± 0.05 eV for n = 6 and 5, respectively. 
 The sequential dissociation at n = 5 is modeled as a (5,0) → (4,0) + H2O → (3,0) 
+ 2H2O process; however, the secondary dissociation to form the (3,0) product is 
complicated by competition with the charge separation process, reaction 6.3.  
Unfortunately this sequential competition cannot be modeled using our computational 
program for data analysis, CRUNCH.  Ignoring this complication, we find that the 
sequential BDE for Cd
2+
(H2O)3-H2O is 1.62 ± 0.03 eV, which is in excellent agreement 
with the primary dissociation threshold determined without including competition with 
the charge separation reaction 6.3, 1.61 ± 0.05 eV for  n = 4.  We anticipate that the 
competitive shift found for n = 4, 0.09 ± 0.03 eV should apply to both of these processes.  
Additionally, we analyzed the tertiary threshold of the n = 6 reactant to provide another 




tertiary and secondary thresholds for Cd
2+
(H2O)3-H2O is 1.78 ± 0.14 eV, 0.16 – 0.17 ± 
0.15 eV higher than the primary and sequential thresholds, just outside the experimental 
uncertainty.  This process should also be influenced by competition with charge 
separation and therefore should also have the 0.09 ± 0.03 eV competitive shift applied.   
 Because of the contamination discussed above, no secondary threshold was 
available for sequential analysis of the (4,0) → (3,0) + H2O → (2,0) + 2H2O dissociation.  
In an attempt to provide a bond energy for the n = 3 complex, the tertiary dissociation of 
the n = 5 reactant was analyzed using the sequential model, Table 6.2.  In a previous 
analysis of higher order dissociations of the K
+
(NH3)n system, where n = 2 – 5, the 
absolute tertiary and quaternary thresholds were high (as is commonly found) and the 
relative energies were also somewhat high (and increasing with the order of the process), 
but within experimental uncertainty of values determined from lower order processes.
53
  
In the sequential dissociation of the Cd
2+
(H2O)5 reactant, the tertiary threshold for the 
formation of Cd
2+
(H2O)2 was analyzed, where the relative tertiary-secondary sequential 
BDE for Cd
2+
(H2O)2-H2O is 2.13 ± 0.14 eV.  This sequential dissociation is complicated 
by reaction 6.3 and possibly 6.4 in a similar fashion to the sequential BDE of 
Zn
2+
(H2O)5-H2O, which was found to have an experimental competitive shift of 0.20 ± 
0.03 eV in Chapter 4.  Using this analogous competitive shift of the Zn
2+
 system, we 
estimate that the BDE of n = 3 is closer to 1.93 ± 0.14 eV.  The sizable experimental 
uncertainty found for this dissociation as well as the tertiary-secondary energy for 
Cd
2+
(H2O)3-H2O is a result of the scatter in the cross sections resulting from the needed 
zero pressure extrapolation, which is appreciable for a tertiary water loss process.  Both 




mTorr, although here the thresholds for both the secondary and tertiary processes were 
not fit with high fidelity because of the low energy features in the threshold regions 
resulting from multiple collisions.   
 Comparison of bond dissociation energies: primary vs. sequential.  The 
sequential model has been proven to give accurate experimental BDEs for singly charged 
systems metal systems
53
 and was used in our previous study on Zn
2+
 hydration, Chapter 
3.  For Cd
2+
 hydration, the sequential BDEs are 1 – 15 kJ/mol higher in energy than the 
corresponding primary values, Table 6.3, with a mean absolute deviation (MAD) of 7.9 
kJ/mol for n = 4 – 10, just outside of experimental uncertainty.  The largest energy 
differences between the two values are seen for the n = 10 and 9 complexes, 15.4 ± 8.7 
and 9.6 ± 7.7 kJ/mol, respectively.   
In the zinc system, a large difference between the primary and sequential BDEs 
was also observed for the n = 9 complex, 17.3 ± 8.2 kJ/mol.    In Chapter 3, it was 
hypothesized that the presence of higher energy isomers in our reactant ion beams could 
lead to primary dissociation thresholds that are low by the excitation energies of the 
higher energy complexes.  In contrast, the sequential BDE is not influenced by alternate 
isomers in the reactant beam because the primary and secondary thresholds are lowered 
by the same amount of energy, such that the relative measurement of the two thresholds 
is unaffected.  Additionally, these alternate isomers are more common for large values of 
n, where more hydrogen bonding is possible such that there are more complexes with 





(H2O)10, the free energy GSs are higher in 0 K enthalpy 






Table 6.3.  Comparison of 0 K experimental bond energies (kJ/mol) to theoretical values. 
n Reactant Product Exp, Primary
a















3 (5,0) (2,0)  186  14e  175.4 (189.6) 185.7 (193.6) 
4 (4,0) (3,0) 146.7  3.9 147.7  4.1f 147.2  5.7  144.4 (158.6) 154.5 (162.9) 
   146.7  5.6e     
5 (5,0) (4,0) 107.1  4.8 115.8  3.9 112.3  6.1 106.3 (120.9) 110.3 (119.1) 
6 (6,0) (5,0) 86.8  4.8 96.5  2.9 93.9  5.0 97.7 (114.0) 99.1 (108.5) 
7 (6,1)_AA (6,0) 67.5  4.8 72.4  2.9 71.1  5.0 71.1 (80.2) 75.6 (82.7) 
8 (6,2)_4D_2AA (6,1) 63.7  5.8 69.5  2.9 68.3 ± 5.2 73.7 (82.5) 76.4 (83.4) 
 (6,2)_2D,DD_2AA (6,1) 64.6  5.8   72.7 (81.6) 71.6 (78.5) 
9 (6,3) _4D,DD_3AA (6,2) 58.9  4.8 68.5  4.8 63.7  6.8 67.7 (76.4) 71.8 (78.6) 
10 (6,4)_4AA (6,3) 47.3  4.8 62.7  6.8 52.4  7.8 54.9 (63.6) 58.0 (64.8) 
 (6,4)_3AA,A (6,3) 42.5  4.8   52.8 (59.5) 54.1 (60.9) 
11 (6,5)_4AA,A (6,4) 41.5  4.8   49.2 (55.9) 51.2 (56.2) 




















Values from Table 6.2.  
b
 Weighted average of the primary and sequential BDEs.  
c 
MP2(full)/SD/6-311+G(2d,2p)//B3LYP/SD/6-
311+G(d,p) level.  ZPE corrected.  Values listed with (without) cp correction. 
d
 MP2(full)/Def2TZVPP//B3LYP/Def2TZVP level.  
ZPE corrected. Values listed with (without) cp correction.  
e
 Tertiary sequential energy including an estimated competitive shift of 
19.3 ± 2.9 kJ/mol. 
f
 Values including an 8.6  2.9 kJ/mol correction for competition. g  Mean absolute deviation between primary and 
sequential BDEs.  
h 






compared to the sequential model threshold.  Thus, this hypothesis does not explain the 
full magnitude of the difference.  Additionally, the sequential BDEs for n = 5 and 6 are 
also 9 – 10 kJ/mol higher than the primary values and no higher-energy isomers are 
predicted to be in thermal equilibrium with the reactant GSs at the MP2(full) level. Good 
agreement between the sequential and primary values is found for n = 4, 7, and 8.  For n 
= 4, the primary and sequential values are 146.7 ± 5.6 and 147.7 ± 4.1 kJ/mol, 
respectively, after accounting for the 8.6 ± 2.9 kJ/mol competitive shift noted above.  The 
relative secondary-tertiary BDE for Cd
2+
(H2O)3-H2O is higher at 163 ± 14 kJ/mol, but 
agrees with the other values within the large experimental uncertainty.  The judicious 




The sequential BDEs seem to provide accurate upper limits either within or just 
outside the experimental uncertainty of the primary BDEs, exceeding these by anywhere 
from 1 – 16 kJ/mol for all values of n examined here.  This model seems to be an 
excellent alternative to obtain thresholds not readily obtained from a primary water loss 
because of limitations of the ion source, the charge separation process, or signal intensity 
of the smaller complexes.  Additionally, observations and results from this study and 
those found in Chapters 3 and 4 on hydrated Zn
2+
 suggest that this model may in fact be 
slightly more accurate for complexes where theory predicts multiple high and low-energy 
isomers to be in thermal equilibrium with each other, as discussed above.  It seems low 
primary BDEs are more common at larger complexes as seen for Cd
2+
 at n = 9 – 11 and 
Zn
2+
 for n = 9 and 10, where more structures with a variety of hydrogen bonding are in 




second shell waters, these larger complexes may be harder to thermalize in our source 
because of the larger numbers of internal degrees of freedom or may be collisionally 
excited during extraction from the source much more easily in such a way that their 
population is no longer in thermal equilibrium before reaching the collision cell.  For the 
above reasons, the sequential BDEs may be more accurate than the primary BDEs at 
larger complex sizes because the sequential energies should be unaffected by the 
presence of higher energy complexes.   
Ultimately, there is no experimental means of distinguishing the accuracy of the 
primary versus sequential BDEs for the dissociation of Cd
2+
(H2O)n, and hence, we have 
calculated their weighted average, Table 6.3.  The weighted average of these BDEs give 
MADs between experiment and cp corrected theory of about 5 kJ/mol using either basis 
set (~12 kJ/mol without cp correction).  The weighted average also reflects an increase in 
the experimental uncertainty for larger complexes where the assumption of a room 
temperature population distribution may not be accurate, as noted above. 
Experimental vs. theory: water loss.  Figure 6.6 is a direct comparison of 
experimental and MP2(full) theoretical 0 K hydration energies from Table 6.3.  These 0 
K bond dissociation energies include ZPE and counterpoise corrections.  Single point 
energies were calculated at the B3LYP, B3P86, and MP2(full) with SD/6-311+G(2d,2p) 
and Def2TZVPP basis sets from geometry optimizations using B3LYP/SD/6-311+G(d,p) 
and B3LYP/Def2TZVP levels of theory, respectively.  As discussed above, there is 
evidence that our most accurate interpretation of the data comes from the relative 
energies and low-energy structures predicted at the MP2(full) level, therefore only the 






Figure 6.6.  Comparison of experimental (solid symbols) and MP2(full) theoretical (open 
symbols) hydration enthalpies at 0 K for both the SD/6-311+G(2d,2p) and Def2TZVPP 
basis sets.  All theoretical results shown are counterpoise corrected.  The (6,2)* 
corresponds to the MP2/Def2TZVPP predicted
 
(6,2)_2D,DD_2AA reactant isomer while 
(6,2) is the MP2/SD/6-311+G(2d,2p) predicted (6,2)_4A_2AA. The (6,4)* corresponds 
to the (6,4)_3AA,A reactant isomer which is in thermal equilibrium with the (6,4)  
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A comparison of the primary BDEs to the MP2(full)/SD/6-311+G(2d,2p) values with and 
without counterpoise corrections have already been discussed in detail along with a 
comparison to theoretical values obtained from the literature.
17,25
  Briefly, electronic 
binding energies are reported in the literature for n = 4 – 7, but use a smaller basis set 
than used here and were not corrected for zero point energies or BSSE.
25,54
  These values 
were corrected by the zero point energies calculated here and are presented elsewhere.
17
  
For n = 4 – 6, the literature values tend to overestimate the 0 K hydration energies at the 
MP2 level by up to 10 kJ/mol compared to the present MP2(full) results without cp 
correction.  However, the n = 7 literature dissociation value is lower in energy by 11 
kJ/mol, where the structural and energetic differences discussed above for the two 
(6,1)_AA complexes partially account for this difference.  Clearly there is good 
agreement between the experimental and theoretical results and the qualitative trends in 
the experimental values are reproduced in the theoretical BDEs calculated here.   
The sequential BDE for water loss at n = 3 of 186 ± 14 kJ/mol is found by 
modeling the tertiary dissociation of the Cd
2+
(H2O)5 reactant and applying a 19.3 ± 2.9 
kJ/mol competitive shift found an analogous dissociation in the zinc hydration study, as 
explained above.  This higher order sequential process is anticipated to be an upper limit 
to the BDE for this complex size as discussed above and agrees within 1 kJ/mol with the 
MP2(full)/Def2TZVPP result (within 11 kJ/mol of the MP2(full)/SD/6-311+G(2d,2p) 
result).  The experimental BDE for the water loss at n = 4 of 146.7 ± 3.9 kJ/mol includes 
explicit modeling of competition with charge separation.  Our previously reported value 
at n = 4 was slightly higher (~1 kJ/mol) because the competitive shift was estimated 




Looking at the overall trends in Figure 6.6 there are three distinct patterns in the 
experimental BDEs that are reproduced by the theoretical numbers.  These patterns are 
most likely a consequence of the three distinct types of waters found in the hydrogen 
bond networks of the predicted GS structures.  Moving from n = 3 – 6, each BDE 
decreases from the previous complex, consistent with each water dissociating from the 
complex being directly coordinated to the metal ion, as predicted by the MP2(full) level 
of theory.  The primary BDEs of the n = 7 – 9 complexes are similar, within 10 kJ/mol of 
each other (sequential BDEs within 4 kJ/mol), because each of these dissociations 
involve the loss of a second shell AA water molecule.  Lowest in energy are the BDEs 
found for the n = 10 and 11 complexes.  If the results for n = 10 are interpreted as 
corresponding to the (6,4)_3AA,A complex (the MP2(full)/SD/6-311+G(2d,2p) 298 K 
free energy GS), then the experimental BDEs for n = 10 and 11 are within 1 kJ/mol of 
each other.  This is consistent with the interpretation that both complexes lose a second 
shell A water molecule, which binds more weakly than an AA water because it has only a 
single hydrogen bond to the inner shell.  Alternatively, the results for n = 10 can be 
interpreted in terms of the (6,4)_4AA complex, predicted to be in thermal equilibrium 
using either basis set at the MP2(full) level.  Now the experimental and theoretical BDEs 
for n = 10 lie below those of n = 9 (by 6 – 11 kJ/mol experimental, 13 – 14 kJ/mol 
theory) and above those of n = 11 (by 6 kJ/mol experimental, 3 – 4 kJ/mol theory), Table 
6.3.  Here an AA water is lost, explaining why it is more strongly bound than the A water 
of the n = 11 complex, but is bound more weakly than those for n = 7 – 9 because this 
complex is forced to have two inner shell DD water molecules that each share two second 




definitively conclude which of the two possible complexes is actually being probed in our 
experiments because experiment and theory are self consistent for both possibilities.  It is 
certainly possible that the experimental results are a superposition of both configurations. 
Our experimental primary BDEs agree best with the SD/6-311+G(2d,2p) basis set 
with a mean absolute deviation (MAD) of 6.9 kJ/mol and a MAD between the sequential 
BDEs and theory of 4.8 kJ/mol.  Comparisons between experiment and theoretical results 
from the Def2TZVPP basis set give MADs of 9.0 and 4.2 kJ/mol for the primary and 
sequential BDEs, respectively.  In general, the MP2(full)/Def2TZVPP level gives 
theoretical BDEs 1 – 10 kJ/mol higher in energy than those of the MP2(full)SD/6-
311+G(2d,2p) level. A similar trend was seen in a recent report on the inner shell 




 where BDEs calculated with the MP2(full)/Def2TZVPP 
basis set were higher by 1 – 6 kJ/mol over those calculated at MP2(full)/SD/6-
311+(2d,2p) for n = 1 – 5 and lower by 1 kJ/mol at n = 6.  One difference between these 
two levels of theory is that the counterpoise correction for the SD/6-311+G(2d,2p) basis 
set is larger, ranging from 7 – 14 kJ/mol, whereas, the correction using the Def2TZVPP 
basis set is only 4 – 10 kJ/mol.  The larger correction for the SD/6-311+G(2d,2p) basis 
set is most likely because the basis set is not size-consistent for all atoms (unlike 
Def2TZVPP), and because the basis set on Cd is smaller than the Def2TZVPP basis set. 
Charge separation barrier heights.  Theoretical results for the charge separation 
processes are compared with experimental results in Table 6.4.  The predicted energetic 
barriers for n = 3, 5, and 6 are relatively constant at 79 – 91 kJ/mol at the DFT levels and 
at 94 – 117 kJ/mol at MP2(full).  Similar barrier heights were also calculated for 
Zn
2+






Table 6.4.  Comparison of 0 K transition state energies to theory and water loss bond 
energies (kJ/mol). 
 












(H2O)  -88.2 -88.1 -74.0 
  (2,0) 186 (14)
b
 185.9 188.4 185.7 
4 (4,0) TS[2 + 1] 126.4 (2.9)
c





(H2O)  -23.7 -24.1 -10.1 
  (3,0) 146.7 (3.9)
c
 151.7 154.2 154.5 
5 (5,0) TS[2 + 2] 110.0 (2.9)
c





(H2O)2  -62.9 -66.1 -37.0 
  (4,0) 107.1 (4.8)
d
 104.8 106.9 110.3 





(H2O)2  -41.5 -46.9 -14.5 
  (5,0) 86.8 (4.8)
d
 92.1 93.6 99.1 
 
a
 Single point energies calculated at the level shown using a Def2TZVPP basis set using 
geometries optimized at a B3LYP/Def2TZVP level.  All values are ZPE corrected.
 
b
Value taken from Table 6.3 using the sequential dissociation model to analyze a tertiary 
threshold.  
c
 Values taken from Table 6.2 using competitive dissociation model.  
d
 Values 






from 66 – 75 (83 – 94) kJ/mol at DFT (MP2(full)) levels, Chapter 4.  In contrast with 
these similar barriers, the predicted barrier for n = 4 is higher in energy by 38 – 50 kJ/mol 
and 22 – 46 kJ/mol, respectively, compared to the n = 3, 5 and 6 TSs, Table 6.4.  
Examination of the reverse Coulomb barrier shows a more systematic result in which the 
barrier decreases as n increases, i.e., 171, 153, 144, 132 kJ/mol for n = 3 – 6, respectively, 
at the B3LYP level (168, 150, 142, and 132 kJ/mol at the MP2(full) level), agreeing with 
trends discussed in Chapter 4 for Zn
2+
 hydration.  In part, this decrease in the reverse 
Coulomb barrier as n increases can explained by increasing charge delocalization for 
larger values of n because of the increasing number of waters on each part of the TS and 
the charge separation products. 
The increase in the predicted forward barrier height for the n = 4 complex may be 
understood in part by the 18 e
─
 rule, which is fulfilled at the Cd
2+
(H2O)4 complex leading 
to an enhanced stability of the n = 4 complex.  Thus, the larger barrier height leads to a 
lower absolute exothermicity for n = 4 compared to the values found for n = 3, 5, and 6.  
The stability of the n = 4 complex is also evidenced by the relatively large increase (38 - 
47 kJ/mol) in the predicted water loss BDEs from n = 5 to 4.  Indeed, this increase 
exceeds that predicted for n = 4 to 3, 31 – 34 kJ/mol, even though water loss BDEs are 
expected to increase as n decreases.   
The experimental measurement of the charge separation TS energy increases by 
almost 16 kJ/mol from n = 5 to 4, changing from 110.0 ± 2.9 kJ/mol for TS[2+2] to 126.4 
± 2.8 kJ/mol for TS[2+1], Table 6.4, agreeing with the predicted trends discussed above.  
There is good agreement in this TS energy between experiment and theory at n = 4, with 




calculations predict a barrier height that is in best agreement (within 5 kJ/mol) with the 
experimental TS[2 + 2] barrier, whereas values predicted by both DFT levels are too low 
by ~30 kJ/mol. 
Water loss vs. charge separation.  The 0 K thresholds and theoretically predicted 
energies for both the charge separation and water loss dissociation pathways are 
compared in Table 6.4.  For the n = 3 complex, there is no experimental barrier height 
measured for TS[1 + 1] although theory predicts this barrier ranges from 83 – 94 kJ/mol.  
Some evidence for this process is observed in the dissociations of the n = 4 complex, 
Figure 6.1a, as discussed above.  Here, Cd
2+
(H2O)4 can dissociate by reaction 6.1 




(H2O) + H2O, which is 
calculated to require 235 (248) kJ/mol at the B3LYP (MP2(full)) levels, i.e., the sum of 
the energy for loss of the water molecule and the TS[1 + 1] barrier height.  This 
prediction is consistent with the increase observed in the H
+
(H2O) cross section near ~2.4 
eV, as well as a 30% increase in the total cadmium hydroxide cross section occurring at 





(H2O) products can also be formed via an alternative route, namely 




(H2O)) followed by reaction 6.6. 
 CdOH
+
(H2O)2 + Xe  CdOH
+
(H2O) + H2O + Xe (6.6) 
Reaction 6.6 is predicted to require 91 (99) kJ/mol. When combined with the barrier for 
TS[2+1] from Table 6.4, the energy for the reaction 6.3 + 6.6 pathway is predicted to cost 
220 (239) kJ/mol.  Thus, the reaction 6.3 + 6.6 pathway, predicted to be 9 – 15 kJ/mol 




observed onset in the CdOH
+
(H2O) cross section above ~1.8 eV in Figure 6.1a, as 





sections are in qualitative agreement with the predicted relative energies between these 
two sequential processes.  Further evidence of reaction 6.6 is observed in the 
CdOH
+
(H2O) product cross sections in Figures 6.1b and 6.1c.  In both of these cross 
sections, there are two features that each start ~1 eV (96 kJ/mol) above the more obvious 
onsets in the CdOH
+
(H2O)2 cross sections, as discussed above, which is in qualitative 
agreement with the predicted BDE of reaction 6.6 (91 – 99 kJ/mol).  Further indirect 
indications of reaction 6.4 center on the dissociation behavior of the Cd
2+
(H2O)3 
complex.  The experimental water loss BDE for n = 3 is 186 ± 14 kJ/mol, in excellent 
agreement with the bond energies predicted by all levels calculated using the 
Def2TZVPP basis set, Table 6.4.  Compared to this energy, the predicted barrier of 
reaction 6.4 is much lower in energy, by 92 – 105 kJ/mol.  In agreement with our 
qualitative discussions above, this large energetic preference of reaction 6.4 probably 
explains the very low observed magnitude of the Cd
2+
(H2O)2 product. 
At the n = 4 complex, experimental and theoretical results both suggest that 
reaction 6.2 is energetically favored over reaction 6.1 by 20 ± 3 and 15 - 26 kJ/mol, 
respectively.  For n = 5, the relative experimental thresholds for reactions 6.1 and 6.5 
favor the water loss dissociation pathway by ~3 ± 3 kJ/mol.  In contrast, theory suggests 
that the charge separation reaction is energetically favored over the water loss 
dissociation by 5 – 28 kJ/mol, depending on the level.  As discussed above, the relative 
apparent thresholds in Figures 6.1b and 6.1c for these competing dissociations also 




experimental charge separation products were observed in the primary dissociation of n = 
6 and it does not seem likely that the charge separation reaction is energetically favored 
over water loss in agreement with the predicted MP2(full) energies (water loss favored by 
18 kJ/mol), but contrary to the DFT results (charge separation favored by 1 – 7 kJ/mol).  
In agreement with our conclusions above, the MP2(full) theoretical results appear to 
provide a better quantitative reproduction of experimental results for charge separation 
than DFT approaches. 
The thermal ESI source used in this study is limited to producing complexes of 
sizes n ≥ ncrit, as demonstrated previously for hydrated Zn
2+
 (Chapter 3) and in our in-
source fragmentation studies.
34
  For hydrated Cd
2+
, we are able to generate the n = 4 
complex, albeit at low signal intensities, suggesting that ncrit ≤ 4.  A large discrepancy 
between the levels of theory in the predicted barrier heights was found previously in 
Chapter 4 for hydrated Zn
2+
, which suggests that theory is not adequately describing the 
barrier heights for charge separation, although for hydrated Cd
2+
, MP2(full) gives better 
agreement to the experimental barrier heights and relative energies between the 
competing channels.  Consequently, we use these experimental observations combined 
with the experimental relative BDE results to conclude that the critical size for charge 
separation in the Cd
2+
(H2O)n system is ncrit = 4, where ncrit is defined as the maximum-
sized cluster for which charge separation is energetically favored over the loss of one 
water ligand (first defined in Chapter 4). 
This value agrees with previous work by Shvartsburg and Siu, although they 
assign this value as a lower limit because the determination depends on instrumental 






  Shvartsburg and Siu also suggest that the critical size depends directly on the 
second ionization energy of the metal, a hypothesis pioneered by the Kebarle group
3,4,6
 
and charge separation mechanism suggest by the Williams group
8
 for a series of different 
metal ions.  In agreement with this, hydration studies in our laboratory find the energy 










 an order that also 
mirrors their second ionization energies. 
Conversion to 298 K.  Using the calculated frequencies and rotational constants of 
the transition states, a rigid rotor/harmonic oscillator approximation was applied to 
convert the 0 K primary water loss threshold energies of the n = 4 – 11 complexes, the 
sequential BDE of the n = 3 complex, and the 0 K charge separation barrier heights of the 
n = 4 and 5 reactants to 298 K values in Table 6.5.  The uncertainties in these conversion 
factors are found by scaling the vibrational frequencies up and down by 10%.  Like the 
hydration energies, the free energies of hydration decrease as the size of the Cd
2+
(H2O)n 
increases.  The ΔΔG298 values also decease as the complexes increase in size.  The 
entropies of dissociation, T∆S298, remain relatively constant as there are no major solvent 
shell rearrangements between these structures. 
There are two possible conversion values for the charge separation TSs depending 
on whether the five low frequency torsions are treated as vibrations or rotors.  The 298 K 
energies for the charge separation TSs at n = 4 and 5 are 123.5 and 104.8 kJ/mol, 
respectively, when the five lowest frequency vibrations are treated as rotors.  When these 
vibrations are treated as low frequency torsions, the 298 K energies rise to 128.2 and 
110.1 kJ/mol yielding a difference between the conversion values of ~5 kJ/mol.  This 







Table 6.5.  Conversion of 0 K thresholds to 298 K enthalpies and free energies for the charge separation transition states for 
Cd
2+
(H2O)4,5 and water loss dissociations from Cd
2+





















 123.5 (2.9) 20.5 (1.5) 103.0 (3.3) 
   1.8 (0.2)
d










 104.8 (2.9) 24.3 (1.8) 80.5 (3.4) 
   0.1 (0.3)
d
 110.1 (2.9) 8.9 (0.6) 101.2 (3.0) 
(6,0) (5,0) 86.8 (4.8) 1.4 (0.5) 88.2 (4.8) 41.4 (1.4) 46.8 (5.0) 
(6,1)_AA (6,0) 67.5 (4.8) 3.5 (0.4) 71.0 (4.8) 36.2 (1.0) 34.8 (4.9) 
(6,2)_4D_2AA (6,1) 63.7 (5.8) 3.9 (0.4) 67.6 (5.8) 43.1 (1.0) 24.5 (5.9) 
(6,3)_4D,DD_3AA (6,2) 58.9 (4.8) 4.1 (0.4) 63.0 (4.8) 42.5 (1.0) 20.5 (4.9) 
(6,4)_4AA (6,3) 47.3 (4.8) 1.7 (0.3) 49.0 (4.8) 32.3 (1.2) 16.7 (4.9) 
(6,5)_4AA,A (6,4) 41.5 (4.8) 1.2 (0.4) 42.7 (4.8) 31.6 (1.3) 11.1 (5.0) 
a
Experimental values from Table 6.3.  
b
Values calculated from the vibrations and rotations calculated at the B3LYP/SD/6-311+G(d,p) 
level (for water loss energies) and at the B3LYP/Def2TZVP level (for charge separation barrier heights).  Uncertainties found by 
scaling the frequencies up and down by 10%.  
c 
Values calculated with the lowest 5 vibrations of the TS being treated as rotations.  
d




dissociation, T∆S298, and the ∆G298 values are similar to those reported for the charge 
separation TSs of hydrated Zn
2+
 in Chapter 4.  Namely, the T∆S298 values are larger when 
the first five vibrations are treated as rotors thereby decreasing the ∆G298 values 
compared to results when all vibrations are used in the TS. 
Conclusion 




 the present study 
examines collision-induced dissociation cross sections for Cd
2+
(H2O)n, where n = 4 - 11, 





(H2O)n-m-1, and the sequential loss of two or three waters from the 
reactant complex, where n = 5 - 11.  Compared to our previous study,
17
 computations in 
the present work ensure that all low and high-energy complexes are fully converged after 
the frequency calculation.  These additional calculations change the relative energies by 
less than 2 kJ/mol for all complexes investigated and did not affect our experimental 
thresholds and modeling parameters for water loss channels.  However, the structures 
reported in this paper along with the conversion to 298 K energies are our most accurate. 
Ordinarily, our best experimental results are believed to correspond to the 
measurement of primary dissociation thresholds as they have fewer uncertainties 
regarding the distribution of energy available to the dissociating species.  However, 
BDEs obtained from our sequential dissociation model of higher order thresholds provide 
relatively good agreement with results determined from the primary dissociation channel.  
The sequential values are slightly higher than the primary thresholds by 1 – 16 kJ/mol, 
where these differences are highest for the larger values of n (as also found for 
Zn
2+




bond energies at larger complex sizes may indicate that there are distributions of low and 
high-energy complexes in these reactant beams, which would lower the primary 
thresholds by those excitation energies.  Because such excitations affect both primary and 
secondary thresholds equally, it is plausible that the sequential model may be more 
accurate for BDEs of such complexes. 
The trends in the relative BDEs for the Cd
2+
(H2O)n systems exhibit three distinct 
regions in both the experimental and theoretical values.  For n = 3 – 6, the BDEs decrease 
rapidly with increasing n because the waters are directly bound to the metal, whereas for 
n = 7 – 9, the waters lost are in the second shell and form two hydrogen bonds to the first 
shell (AA).  For n = 10 and 11, the simplest interpretation is that the most weakly bound 
water ligands are in the second shell forming a single hydrogen bond with the inner shell 
(A), although there is the possibility that for n = 10, the water lost is also AA but must 
share an inner shell donor with another second shell ligand.   
The experimental cross sections show that charge separation occurs at n = 4 and 5 
and possibly at n = 3, although definitive observation of the latter is obscured because the 
same products are also formed by alternative lower-energy routes.  The molecular 
parameters for the tight TSs associated with charge separation are calculated and used to 





including the competition between water loss and charge separation reactions.  
Accounting for this competition is necessary for obtaining accurate bond energies of 
these complexes.  On the basis of these experimental thresholds, the Cd
2+
(H2O)n system 
is determined to have a critical size of ncrit = 4 for the charge separation reaction.  The 




systematically decreases as n increases, whereas theoretical predictions show that the 
barriers for the charge separation reactions at n = 3, 5, and 6 are similar in energy, while 
the barrier for n = 4 is much higher in energy.  It appears that the forward barrier height at 
n = 4 is higher because of the increased stability of this reactant complex as a 
consequence of the 18 e
–
 rule.  This conclusion is further validated by an increase to the 
experimental barrier heights for charge separation from n = 5 to 4 and by the observation 
that all levels of theory find a difference between the n = 3 and 4 hydration energies that 
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CHAPTER 7 
INFRARED SPECTROSCOPY OF DIVALENT ZINC AND 
CADMIUM CROWN ETHER SYSTEMS: 
CONFORMATIONAL INSIGHT  
INTO ENVIRONMENTAL  
REMEDIATION 
Abstract 





with varying sized crown ethers, 12-crown-4 (12c4), 15-crown-5 (15c5), and 18-crown-6 
(18c6), are investigated using infrared multiple photon dissociation (IRMPD) 
spectroscopy and quantum mechanical calculations.  The measured spectra span the 750 
– 1600 cm-1 infrared range utilizing light generated by a free electron laser and are 
compared to predicted spectra calculated at the B3LYP/6-311+G(d,p) or 
B3LYP/Def2TZVP levels of theory.  Spectra with the largest and most flexible crown 
ether, 18c6, indicate that the crown is highly distorted, wrapping in a tight cage-like 
structure around both dications studied.  The 15c5 adopts a folded orientation for the Zn
2+
 
complex, yet is almost planar when complexed with the larger Cd
2+
 ion.  The Zn
2+
(12c4) 
spectrum has bands appearing at lower frequencies than the other systems, consistent 









have implications for solvent interactions in the condensed phase.  The conformation of 
each metal-crown complex is highly dependent on metal size, charge, and crown ether 
flexibility, such that a delicate balance of minimizing the metal-oxygen bond lengths, but 
maximizing the oxygen-oxygen distances arises.  These competing influences are 
reflected in both the spectra and lowest-energy conformations. 
Introduction 
Heavy metals are used extensively in industrialized countries and their 
contamination of water resources has caused widespread concern over the pollution of 
food resources, drinking water, and eventually the atmosphere.  These metals are one of 
the most hazardous classes of pollutants and pose a serious health concern because of 
their nonbiodegradablity, toxicity, and carcinogenic properties.
1
  Although zinc is an 
essential nutrient, found in several important proteins and enzymes, its high 
anthropogenic usage has led to the infiltration of aqueous systems and caused levels of 
this metal to reach the point of contamination.
1-4
  Cadmium can replace zinc in 
physiological binding sites, thereby deactivating their function.  Because it can bio-
accumulate and its discharge is 18 times higher than naturally occurring rates, the United 
States environmental protection agency (EPA) has classified cadmium as a priority 
pollutant.
5,6
  For all these reasons and more, numerous remediation efforts are underway, 
including development of macrocycles, e.g., polyethers such as crowns, that could be 
used as recyclable, multidentate ligands for the selective sequestration of heavy metal 
ions from contaminated water.  Many studies have been performed to probe the selective 
binding of doubly charged metal pollutants to novel crown ethers.
7-14




 According to the “best fit model”,11 crown ether selectivity is based on binding 
ions with radii that match well with the crown ether cavity diameter.  These studies 
demonstrate that crown ether selectivity for metals depends on the relative metal-crown 
binding versus metal solvation.
15
  In that regard, metal-crown complexes can be 
differentially stabilized in solution when the cation is partially exposed thereby making 
solvation of the metal sterically feasible.  However, a size-matching trend is not 
reproduced in the gas phase,
16-19
 as elucidated in several early qualitative experimental 
and theoretical studies.
20-23
 Quantitatively, gas-phase studies using threshold collision-
induced dissociation (TCID) clearly demonstrate stronger binding energies for smaller 
alkali metals and for larger crowns.
19,24-28
  These trends can be attributed to the higher 
charge density of the smaller metal and the greater number of oxygen sites of larger 
crowns. 
In addition to the thermochemistry of metal-macrocycle interactions, it is 
important to identify their gas-phase conformations for a complete understanding of 
metal selectivity and possible metal sequestration.  One approach to obtain insight into 
such conformational data is to study complexes of singly and doubly charged metals with 
simple macrocyclic ligands like 12-crown-4 (12c4), 15-crown-5 (15c5), and 18-crown-6 
(18c6) ethers and concomitantly determine the level of theory required to predict accurate 
structural and energetic values of these complexes.  Numerous theoretical works have 
calculated such conformations and solvent effects on both singly and doubly charged 
metal-crown complexes.
16-19,24,29-42
 Only recently has infrared (IR) action spectroscopy, 




method to address these conformational questions on isolated and solvated alkali metal 
crown complexes.
33,34,36-38,41
     
Here, we have undertaken a systematic conformational investigation of heavy 




(crown), by means of 
measuring the IRMPD action spectra for the dissociation of these complexes, where 
crown = 12c4 (Zn
2+
 only), 15c5, and 18c6.  The conformations are identified by 
comparing the experimental spectra to linear absorption spectra predicted by quantum 
chemical calculations of the low-energy structures calculated at the B3LYP/6-311+G(d,p) 
level for Zn
2+
(crown) and B3LYP/Def2TZVP level for Cd
2+
(crown).  Relative energies 
for these complexes are calculated using B3LYP, B3P86, and MP2(full) levels with the 
6-311+G(2d,2p) basis set for Zn
2+




Experimental and Theoretical Methods 
Mass spectrometry and IRMPD spectroscopy.  A 4.7 T Fourier transform ion 
cyclotron resonance (FT-ICR) mass spectrometer
43-45
 coupled to a beamline of the free 
electron laser for infrared experiments (FELIX)
46
 was used to record the IRMPD spectra.  
Reactant ion complexes were formed by electrospray ionization (ESI) using a Micromass 
Z-spray source and a solution of 1mM zinc nitrate (or cadmium chloride) and 1mM 
crown in 50:50 MeOH:H2O solution with a solution flow rate of ~10 µL/min. All 
chemicals were obtained from Aldrich.  Ions were accumulated in a hexapole trap for ~4 
s prior to being pulse injected into the ICR cell via an rf octopole ion guide.  Before 
entering the ICR cell, ions are decelerated out of the octopole in such a way that they can 
be captured without a gas pulse and collisional heating of the ions is avoided.
45




trapped in the cell, the ion of interest is mass isolated using a stored waveform inverse 
Fourier transform (SWIFT) excitation pulse and is expected to be in thermal equilibrium 
at ~300 K.  Spectra were recorded over the wavelength range of 13.0 µm (770 cm
-1
) to 
6.3 µm (1580 cm
-1
).  FELIX pulse energies were around 50 mJ/macropulse of 5 µs 
duration.  The ion of interest was irradiated for 2.5 – 3 s, which corresponds to interaction 
with approximately 12 – 15 macropulses.  The full width at half maximum (FWHM) 
bandwidth of the laser was typically 0.5% of the central wavelength.   
IRMPD spectra were constructed by plotting the total ionic fragmentation yield as 
a function of the wavenumber of the radiation.  In the case of the Zn
2+
(12c4) spectrum, 
the reactant ion depletion versus the wavenumber is also plotted because of the low 
signal-to-noise ratio in the fragmentation yield of this complex.  The Zn
2+
(12c4) reactant 
was formed by collisionally activating the Zn
2+
(12c4)2 dimer complex through sustained 
off-resonance irradiation collision-induced dissociation (SORI-CID),
47
 using typical 
experimental parameters detailed elsewhere.
44
  For the larger complexes, the C–O stretch 
band (1000 – 1100 cm-1), which is the most intense band in these spectra, was also 
probed with a 5 dB attenuated laser energy to avoid saturation. 
 Quantum chemical calculations.  Likely conformers for the Zn
2+
(crown) 
complexes, where crown = 12c4, 15c5, and 18c6, were examined with a simulated 
annealing procedure using the AMBER (version 9) program.
48
  Briefly, this procedure 
searches for possible stable isomers in each system’s conformational space using a 
molecular mechanics based force field.  Each isomer is subsequently optimized in 
NWCHEM
49
 using a low level of theory, HF/3-21G.
50,51
  Using the Gaussian 03 suite of 
programs,
52




at the B3LYP/6-31G(d) level
53,54
 using the “loose” keyword, which utilizes a large step 
size (0.01 au) and rms force constant (0.0017) to ensure a rapid geometry convergence.  
Unique structures remaining after this procedure were chosen for further geometry 
optimization and calculation of vibrational frequencies at the B3LYP/6-311+G(d,p) level 
ensuring structural convergence during the frequency calculation.   The Zn
2+
(crown) 
structures were used as starting geometries for the Cd
2+
(crown) complexes.  Here the 
same geometry optimization procedures were followed using the B3LYP/Def2TZVP 
level, where Def2TZVP is a size consistent basis set for all atoms and includes triple zeta 
+ polarization functions with an effective core potential (ECP) on Cd having 28 
electrons.
55,56
  The Def2TZVP basis set and ECP were obtained from the EMSL basis set 
exchange.
57
   
For comparison to experiment, the vibrational frequencies and intensities were 
calculated using the harmonic oscillator approximation at the B3LYP level and were 
broadened using a 20 cm
-1
 FWHM Gaussian line shape.  Frequencies were scaled by 
0.980, which is a slightly smaller adjustment than previous scaling factors ranging from 
0.960 – 0.972 for alkali metal 18c6 and K+(15c5) complexes calculated using the B3LYP 
level of theory and smaller basis sets, either the 6-31G(d) or 6-31++G(d,p).
34,38
   
Using the Gaussian 09 suite of programs,
58
 single point energy calculations were carried 
out for the 5 – 10 most stable structures at the B3LYP, B3P86,59 and MP2(full)60 levels 
using the 6-311+G(2d,2p) basis set for Zn complexes and Def2TZVPP for Cd complexes.  
The relative energies between each isomer include zero point energy (ZPE) corrections to 
yield 0 K values and thermal corrections to 298.15 K. These corrections use the 








Results and Discussion 
Theoretical results.  The lowest-energy structure for Zn
2+
(12c4) is shown in 
Figure 7.1 as a representative for typical conformations of all M
2+
(crown) complexes 
investigated.  In all M
2+
(crown) complexes, the lowest energy structures have oxygens 
(either 4, 5, or 6 depending on the size of the crown) directly coordinated to the metal 
dication.  The structures differ in the dihedral angles of the crown around the charge.  
Rather than identify such structures by arbitrary names, we have attempted to devise a 
more systematic nomenclature to identify the conformations of M
2+
(crown).  This 
nomenclature begins with the symmetry point group in brackets, followed by a 
description of the crown orientation as defined by several dihedral angles. For a 
consistent naming of these cyclic species, the dihedrals begin at the shortest M–O bond 
and continue around the crown toward the next shortest M–O bond (to the right or 
counter-clockwise in the views shown here). If the second shortest M–O bond is an equal 
number of O’s away, then the crown nomenclature proceeds in the same direction to the 
third shortest M–O bond.  Bond lengths and dihedrals are presented in Table 7.1 for the 
low-energy conformers. Two dihedrals are used to describe if each oxygen is “up” (u) or 
“down” (d) from the two adjacent carbons in the ring.  For O1 in Figure 7.1, the two 
dihedrals measured are O8–Zn–O1–C26 and O22–Zn–O1–C2.  If the dihedrals are both 
≤165 and negative and positive in sign, respectively, then the oxygen is above the two 




Figure 7.1.  Top and side view of a low-energy structure for Zn
2+
(12c4) calculated at 










Table 7.1.  Selected geometry parameters of the most stable M
2+
(crown) conformers optimized at the B3LYP/6-311+G(d,p) and 

















(12c4) [C4]u+u+u+u+ 2.021 (4) +39.5 (4) -47.6 (4) -151.8/+125.2 (4) 2.694 (4), 3.810 (2) 
 [C4]u-u-u-u- 2.021 (4) -32.9 (4) +47.5 (4) -125.0/+151.8 (4) 2.695 (4), 3.811 (2) 
 [CS]u-u+p+u- 1.998 -47.5 +48.5 -144.7/+144.7 2.751(2), 3.450 
  2.003 +28.3 -48.5 -118.4/+132.3 2.636, 3.933 
  1.999 +36.3 -48.7 +169.2/-169.2 2.636 
  2.003 -35.9 +48.7 -132.3/+118.4  
 [C1]u-u-u-u+ 1.992 -25.3 +45.1 -141.7/+131.0 2.673, 3.878, 2.677 
  2.018 -30.4 +47.0 -128.1/+159.3 2.710, 3.657 
  2.017 -40.5 +45.4 -110.2/+149.1 2.702 
  2.039 +30.9 -43.5 -147.6/+140.1  
Zn
2+
(15c5) [C1]d-u+d+u+d+ 2.077 -45.2 +46.7 +170.2/-163.1 2.572, 3.995, 3.823, 2.614 
  2.115 +41.4 -50.3 -153.0/+142.3 2.640, 3.753, 4.111 
  2.097 +38.0 -49.2 +171.6/-144.4 2.706, 3.739 




















  2.121 +36.8 -46.8 +119.7/-151.9  
 [C1]d+u+d-d-u- 2.066 +36.1 -43.2 +125.3/-133.4 2.681, 3.857, 3.645, 2.706 
  2.095 +40.2 -50.1 -152.8/+127.9 2.619, 4.077, 3.541 
  2.074 -40.4 +45.6 +157.8/-152.9 2.632, 3.923 
  2.078 -43.5 +52.3 +155.9/-129.7 2.649 
  2.085 -38.1 +44.1 -114.5/+144.0  
 [C2]p-d-u-d-u- 2.047 -28.5 +38.2 -170.8/-170.8 2.590, 3.862, 3.861, 2.590 
  2.010 -48.0 +52.0 +160.9/-122.3 2.647, 3.651, 4.097 
  2.076 -37.1 +49.2 -119.2/+138.5 2.726, 3.650 
  2.076 -33.0 +52.0 +138.5/-119.2 2.647 
  2.010 -33.9 +38.2 -122.3/160.9  
Zn
2+
(18c6) [D2]p+u+d+p+u+d+ 2.151 (2)
d
 +12.4 (2) -39.4 (2) -169.9/-169.9 (2) 2.581 (3), 3.448 (3), 4.302 
  2.156 (2) +42.0 (2) -55.1 (2) -143.3/+96.0 (2) 2.709 (2), 3.448, 3.568, 4.137 






















 +51.8 -47.8 -169.6/+145.1 2.613, 3.330, 4.284, 3.550, 2.656 
  2.159 +44.2 -48.8 +107.5/-127.8 2.761, 3.232, 3.530, 4.172 
  2.149 -48.0 +39.5 -104.2/+129.8 2.595, 4.141, 3.539 
  2.157
d
 -12.9 +39.6 +167.4/+175.7 2.585, 3.564 
  2.169 -46.7 +53.8 +149.3/-96.4 2.688 
  2.149 -46.5 +49.5 -106.9/+138.1  
 [C2]p+u+d+p+u-d+ 2.122
d
 +15.9 -39.8 -176.4/-178.6 2.598, 3.530, 4.234, 3.234, 2.611 
  2.145 +42.0 -54.7 -145.3/+101.3 2.690, 3.530, 3.505, 4.149 
  2.145 +47.1 -39.8 +101.3/--145.3 2.598, 4.149, 3.505 
  2.122
d
 +22.3 -40.1 -178.6/-176.4 2.611, 3.234 
  2.151 -33.7 +44.9 -123.8/+113.9 2.755 
  2.151 +41.8 -40.1 +113.9/-123.8  
Cd
2+
(15c5) [C1]d+d-u+d-u+ 2.242 +24.6 -46.3 +162.5/-172.8 2.662, 4.301, 4.292, 2.670 




















  2.282 +44.1 -55.2 -152.4/+151.2 2.724, 4.344 
  2.286 -42.3 +55.8 +149.3/-147.5 2.736 
  2.309 +43.2 -50.0 -151.7/+148.8  
 [C1]d-u+u+d-u- 2.249 -39.7 +51.3 +172.3/-155.5 2.688, 4.301, 4.001, 2.718 
  2.306 +43.9 -52.0 -152.8/+147.7 2.767, 4.241, 4.370 
  2.262 +46.1 -56.7 -154.9/+128.0 2.744, 4.278 
  2.285 -39.1 +57.6 +144.3/-145.4 2.753 
  2.281 -40.8 +41.8 -112.8/+154.1  
 [C1]u-d-u-d-d- 2.251 -20.8 +42.3 -159.4/+168.0 2.726, 3.820, 4.267, 2.675 
  2.282 -42.3 +56.4 +146.7/-108.5 2.737, 4.301, 4.349 
  2.274 -25.3 +43.3 -140.7/+161.1 2.759, 4.158 
  2.275 -52.3 +52.1 +162.4/-113.0 2.748 
  2.284 -45.0 +51.0 +158.8/-139.8  




















  2.363 (2) +43.6 (2) -59.5 (2) -146.4/+104.8 (2) 2.758 (2), 3.883, 4.124, 4.433 
  2.366 (2) +48.1 (2) -44.8 (2) +105.0/-148.8 (2) 2.683, 4.433, 4.231 
 [C2]u+d+u+d-d-u- 2.363
d
 +54.0 -52.8 -168.6/+147.1 2.691, 3.835, 4.723, 3.957, 2.729 
  2.379 +42.9 -58.5 +116.8/-132.6 2.837, 3.835, 4.204, 4.466 
  2.379 +28.2 -52.8 -132.6/+116.8 2.691, 4.466, 4.204 
  2.363
d
 -35.5 +53.0 +147.1/-168.6 2.729, 3.957 
  2.388 -44.5 +58.7 +146.0/-108.6 2.751 
  2.388 -47.8 +53.0 -108.6/+146.0  
 [C1]d-d-u-p-d+u+ 2.344
d
 -38.9 +54.5 +150.1/-160.6 2.750, 3.970, 4.680, 3.776, 2.711 
  2.351 -38.6 +58.2 +142.1/-115.6 2.746, 3.987, 4.170, 4.444 
  2.371 -47.2 +45.2 -106.8/+153.6 2.682, 4.424, 4.106 
  2.347
d
 -20.8 +43.9 -174.1/+172.8 2.685, 3.642 
  2.359 +27.1 -49.8 +135.9/-112.1 2.802 








 Values in parentheses indicate degeneracies.  
b
 Dihedral angle moving right (R) or left (L) from the starting atom, where right moves 
in the direction to the next shortest M–O bond.  c Distance between each oxygen in the crown moving to the right from starting atom 










 then the oxygen is below and labeled “d”.  If the absolute values of 
each dihedral are greater than 165, then the oxygen is nearly in plane with the 
surrounding carbons and labeled “p”.  For example, these two angles are –151.8/+125.2 
for O1 in Figure 7.1 such that O1 is u.  The u, d, and p designations are then augmented by 
a description of the M–O–C–C dihedral angles, which range from –50 to +50 for all 
complexes.  The sign describes the orientation of the last carbon as either above (+) or 
below (–) the metal, e.g., in Figure 7.1, Zn–O1–C2–C5 is +39.5. Using this method, the 
entire crown is circumnavigated, sequentially describing each O’s orientation relative to 
its surrounding carbons as well as the ring torsions.  The structure in Figure 7.1 has C4 
symmetry, each oxygen is up, and all ZnOCC are + leading to the name: [C4]u+u+u+u+.  
Note that we have also recorded the OCCO dihedrals, typically 30 – 60 either positive 
or negative, in Table 7.1, but the orientation of this dihedral is almost always the opposite 
sign of the ZnOCC dihedral and therefore is generally omitted from our naming 
scheme.  In the Zn
2+
(18c6) system, one high-energy isomer has a [C1]u+d++u+u+d+p+ 
orientation, where the crown contorts so heavily around the metal that these two angles 
have the same direction for the second oxygen, as noted by the d++.  
 Relative 0 K enthalpies and 298 K free energies for the low-energy isomers are 
calculated at three different levels of theory and given in Table 7.2 for the M
2+
(crown) 
systems, where the relative 298 K Gibbs free energies may be more useful for describing 
the experimental distribution of conformers.  There is good agreement in the trends 

















 ΔG298 values given in parentheses.  
b 
Values are single point energies calculated at the 
level shown using a 6-311+G(2d,2p) basis set on Zn containing complexes and 
Def2TZVPP on Cd containing complexes.  Geometries calculated at the B3LYP/6-
311+G(d,p) level on Zn containing complexes and B3LYP/Def2TZVP on Cd containing 
complexes.  Zero point energy corrections scaled by 0.989 are included.   
Complex Structure B3LYP B3P86 MP2(full) 
Zn
2+
(12c4) [C4]u+u+u+u+ 0.0 (0.5) 0.0 (0.5) 0.0 (0.7) 
[C4]u-u-u-u- 0.1 (0.4) 0.1 (0.4) 0.0 (0.5) 
[CS]u-u+p+u- 2.8 (0.0) 2.9 (0.0) 2.7 (0.0) 
[C1]u-u-u-u+ 6.4 (3.5) 6.6 (3.6) 7.5 (4.7) 
Zn
2+
(15c5) [C1]d-u+d+u+d+ 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 
[C1]d+u+d-d-u- 5.2 (4.6) 5.4 (4.8) 7.5 (6.9) 
[C2]p-d-u-d-u- 10.3 (9.2) 10.6 (9.5) 13.4 (12.3) 
Zn
2+
(18c6) [D2]p+u+d+p+u+d+ 0.0 (2.7) 0.0 (2.6) 0.1 (3.2) 
[C1]u+d+u-p-d-u- 0.4 (0.0) 0.6 (0.0) 0.0 (0.0) 
[C2]p+u+d+p+u-d+ 2.8 (1.5) 4.3 (2.9) 7.1 (6.3) 
Cd
2+
(15c5) [C1]d+d-u+d-u+ 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 
[C1]d-u+u+d-u- 15.4 (14.6) 14.8 (14.0) 14.1 (13.3) 
[C1]u-d-u-d-d- 33.9 (34.3) 33.4 (33.7) 33.3 (33.7) 
Cd
2+
(18c6) [C2]p+u+d+p+u+d+ 0.0 (0.0) 0.4 (0.0) 1.3 (0.6) 
[C2]u+d+u+d-d-u- 0.1 (0.8) 0.0 (0.3) 0.0 (0.0) 








12c4.  As mentioned above, the Zn
2+
(12c4) complex was not produced directly by 
the ESI source, but instead formed by collisionally activating Zn
2+
(12c4)2.  The efficient 
formation of the latter dimer complex can be explained by the low energy structures 
calculated for Zn
2+
(12c4) because the metal ion sits on top of the cavity of the crown, 




 is slightly larger than the cavity 
diameter of 12c4 (1.20 – 1.50 Å)63 forcing the metal to sit out of the plane of the 
oxygens.  This exposure of the metal dication should allow the zinc dication of 
Zn
2+
(12c4) to undergo partial solvation in solution, which has been found to be a 
determining role in the selectivity of these macrocyclic ligands.
16,17,19,28,33,36,41
  Such 
solvation was observed experimentally in the present study by the formation of 
Zn
2+
(12c4)(DMF), DMF = dimethyformamide, a solvent contaminant remaining in the 
instrument from previous experiments, although no spectrum of this complex was taken.    
The 0 K ground state (GS) structures of Zn
2+
(12c4) have C4 symmetry, where the 
crown is oriented in such a way that the local dipoles on all four oxygen point up toward 
the dication in either a [C4]u+u+u+u+ or [C4]u-u-u-u- orientation, Figures 7.2a and 7.2b.  
Note that these two C4 structures are enantiomers and therefore have the same energies 
and structural details.  Other enantiomeric species exist for the other metal-crown 
complexes, but as their parameters are the same, they are not explicitly provided in any 
other case.  The free energy GS, [CS]u-u+p+u-, Figure 7.2c, has no rotational symmetry 
because one oxygen is oriented such that it is planar with the neighboring carbons in a p+ 
orientation.  In the CS complex, the average M–O bond decreases (by ~ 0.02 Å) at the 
cost of smaller O–O distances.  The balance of these attractive (M–O) and repulsive (O–









Figure 7.2.  Side views of the low-energy isomers of Zn
2+
(12c4) calculated at the 
B3LYP/6-311+G(d,p) level of theory.  The arrow indicates the shortest M–O bond and 














 at the B3LYP/6-311+G(2d,2p) level, Table 7.3.  In the CS 
complex, the p+ oxygen has a relatively short M–O bond length, but because of its 
orientation, it is much closer to the oxygen on the opposite side of the crown, Table 7.1, 
thereby increasing the repulsive interaction of their lone-pair electrons.  As such, the 
remaining two O’s can maximize their O–O length and have the most metal interaction 
from an increased electron donation of the O to the metal as evident by their higher 
charge in the NBO analysis.  The C4 complex allows the O’s to maximize the distance 
from one another at the cost of longer M–O bond lengths, allowing for an even charge 
distribution to the binding sites of the crown, Tables 7.1 and 7.3.   
The CS and C4 structures are within 1 kJ/mol of each other in 298 K free energy, 
Table 7.2.  A similar CS orientation for Li
+
(12c4) was recently reported as the GS 
structure.
31,37
  The C4 symmetric structures are also in fairly good agreement with those 




 which has a slightly smaller ionic radius (0.70 




  The average Zn–O bond length is larger by 0.01 – 0.12 Å 
compared to that for Li
+




  Similarly close 
relative energetics between the C4 and CS/C1 structures of Li
+
(12c4) have also been 
reported.
30,31,39
  The [C1]u-u-u-u+ structure, Figure 7.2d, is higher than the GS in 298 K 
free energy by 3 – 5 kJ/mol, but is similar to the [C4] structure in the crown orientation, 
with all O’s pointing up from their surrounding carbons; however, here the M–O 
distances vary by up to 0.047 Å, Table 7.1.  
No data was acquired for Cd
2+
(12c4) because SORI-CID of the experimentally 
formed Cd
2+








Table 7.3.  Natural charge from NBO analysis on the most stable M
2+
(crown) conformers 
calculated at the B3LYP/6-311+G(2d,2p) level (B3LYP/Def2TZVPP for Cd containing 
complexes). 
a 
Natural charge of each oxygen in the crown moving to the right from the shortest M–O 
bond toward the next shortest M–O bond. b Natural charge of the metal ion. 
 









(12c4) [C4]u+u+u+u+ -0.681 (4) 1.513 
 [C4]u-u-u-u- -0.681 (4) 1.513 
 [CS]u-u+p+u- -0.682, -0.676, -0.694, -0.676 1.490 
 [C1]u-u-u-u+ -0.688, -0.681, -0.672, -0.678 1.505 
Zn
2+
(15c5) [C1]d-u+d+u+d+ -0.679, -0.667, -0.675, -0.676, -0.670 1.435 
 [C1]d+u+d-d-u- -0.683, -0.676, -0.669, -0.676, -0.673 1.422 
 [C2]p-d-u-d-u- -0.686, -0.671, -0.674, -0.674, -0.671 1.424 
Zn
2+
(18c6) [D2]p+u+d+p+u+d+ -0.675 (2), -0.664 (4) 1.375 
 [C1]u+d+u-p-d-u- 









(15c5) [C1]d+d-u+d-u+ -0.605, -0.578, -0.583, -0.584, -0.578 1.531 
 [C1]d-u+u+d-u- -0.605, -0.578, -0.589, -0.585, -0.582 1.532 
 [C1]u-d-u-d-d-  -0.603, -0.579, -0.597, -0.581, -0.587 1.537 
Cd
2+
(18c6) [C2]p+u+d+p+u+d+ -0.590 (2), -0.569 (2), -0.571 (2) 1.500 
 [C2]u+d+u+d-d-u- 




-0.577, -0.575, -0.569, -0.589,             









crown forming singly charged cadmium products.  As such, no calculations were 
performed on this complex. 




(15c5) are shown in 
Figure 7.3.  The larger cavity of 15c5 (1.70 – 2.20 Å)63 allows Zn2+ to easily fit inside the 
crown.  The attraction of the metal dication to the oxygen lone pair electrons causes the 
crown to distort, thereby shortening the M–O bond lengths.  The lowest energy structure 
of Zn
2+
(15c5) is cage-like, with the crown surrounding the ion.  Thus, two oxygens lie 
above of the metal and the other three lie on the other side, Figure 7.3 (side view).  
Because two adjacent oxygens are forced to lie on the same side of the metal, there are 
repulsive oxygen-oxygen and local dipole-dipole interactions.  Thus, one of these O’s has 
transferred the least amount of charge to the metal ion and thus has the most negative 
natural charge (-0.679), as found in the NBO analysis, Table 7.3.  Interestingly, this 
oxygen has the shortest M–O bond length, but because of the distortions of the crown, it 
also has the shortest O–O distances to its neighbors, Table 7.1.  Higher energy 
conformers are fairly similar, changing in M–O bond length and the crown dihedrals as 
well as other less significant variations in the intermolecular distances and angles of the 
crown.  The highest energy conformer calculated is 9 – 12 kJ/mol higher in 298 K free 
energy and has a symmetric C2 axis through one of the oxygens and opposing C–C bond, 
[C2]p-d-u-d-u-. 
The GS complex of Cd
2+
(15c5) differs from that of Zn
2+
(15c5) in that the crown 
is relatively flat.  This corresponds to a good fit between the cavity size of the crown and 
the ion size (diameter: 1.98 Å)
62
 such that the neighboring O’s are allowed to maximize 















calculated at the B3LYP/6-311+G(d,p) and B3LYP/Def2TZVPP levels of theory.  The 










conformer, [C1]d-u+u+d-u-, has a slightly more distorted crown that wraps around the 
metal ion with shorter M–O bonds in a similar fashion to the zinc GS.  This forces O–O 
interactions both from the neighboring O’s and those across the crown that now point 
toward each other, as evident in the more negative natural charges on the O’s in the 
distorted crown compared to the almost planar GS structure, Table 7.3.  Obviously there 
is a balance between the dication-oxygen attraction and the repulsive forces between the 
lone-pair electrons in the oxygen-oxygen interactions.  The [C1]u-d-u-d-d- structure of 
Cd
2+
(15c5) is close to having C2 symmetry (similar to the Zn
2+
[C2]p-d-u-d-u- complex 




(15c5) GS to previously reported structures for Li
+
(15c5), 
there is a similar cage-like complex, although the Li
+
 structure is slightly more flat than 
that of Zn.
18,35,40
  Interestingly, the Zn–O bond lengths are 0.07 – 0.08 Å smaller than the 
average Li–O bond length using similar levels of theory.18 Although Zn2+ has a larger 
ionic radius than Li
+
, the higher charge density of Zn
2+
 causes the 15c5 to distort more 
than upon complexation with Li
+





 because the two metal ions have similar ionic radii (0.99 and 0.98 Å, 
respectively).
62
  A recent report
35
 finds that Na
+
 does not fit well in the cavity of 15c5 and 
lies slightly above the crown with minimum and maximum Na–O bond lengths that are 
0.07 and 0.09 Å, respectively, longer than corresponding minimum and maximum Cd–O 





 who also found that the metal sits slightly above the crown and the average 








here.  These comparisons demonstrate that the match between a metal and the cavity of a 
crown depends on more than just the ionic radius and cavity size because the charge of 
the metal affects the orientation of the crown and possibly its selectivity. 
18c6. Similar to the structures above, the lowest-energy conformations of 
Zn
2+
(18c6) adopt configurations where the metal dication is fully enclosed by the ether 
O’s and is located in a central binding site within the crown cavity, Figure 7.4a – c.  Two 
structures are isoenergetic with each other at 0 K, [D2]p+u+d+p+u+d+ and [C1]u+d+u-p-d-u-, 
Table 7.2; however the highly symmetric D2 structure is ~3 kJ/mol higher in 298 K free 
energy at all levels of theory. Similar to the D2 structure is [C2]p+u+d+p+u-d+, Figure 7.4c, 
which is 1 – 3 kJ/mol higher in free energy at the DFT levels (6 kJ/mol at MP2(full)), 
Table 7.2.  Several other C1 and C2 structures were found to lie 3 – 22 kJ/mol higher in 
energy.  One common factor between all structures is the similar pseudo-octahedral 
position of the crown oxygens around the metal ion, similar to the S6 structure reported 




  For example, in the [D2]p+u+d+p+u+d+ complex, the 
two p+ oxygens form the shortest bonds to Zn and are located in the axial positions of the 
pseudo-octahedron with OZnO of 180. The remaining O’s are in the equatorial 
positions with slightly longer ZnO bonds (by 0.005 Å) and OZnO of 74 and 106 to 
the axial O’s.  Because of the constraints of the cyclic crown, the equatorial O’s do not 
form a perfect octahedral orientation, but instead a sequence where oxygens alternate 
positions above and below the dication with OZnO of 78, 112, and 147 to each 
other.  For the C2 structure, the shortest Zn–O bond lengths are again to the axial O’s, 
while the equatorial O’s are longer by ~0.02 Å, Table 7.1.  In the low-energy C1 







Figure 7.4. Top and side views of the low-energy isomers of Zn
2+
(18c6) (parts a – c) and Cd2+(18c6) (parts d – f)  calculated at the 
B3LYP/6-311+G(d,p) and B3LYP/Def2TZVPP levels of theory.  The arrow indicates the shortest (and also axial) M–O bond and the 
first oxygen in the naming scheme, r1. 
Zn[D2]p+u+d+p+u+d+ Zn[C1]u+d+u-p-d-u- Zn[C2] p+u+d+p+u-d+ 









Cd[C2] u+d+u+d-d-u- Cd[C1] d-d-u-p -d+u+ Cd[C2]p+u+d+p+u+d+




 (longer by 0.017 Å, Table 7.1).  In all three structures, NBO analysis reveals that the 
axial O’s generally have more negative charge than the equatorial O’s because of their 
closer proximity to the neighboring O’s, Tables 7.1 and 7.3.  Instead the natural charge 
on the equatorial O’s is less negative because they are able to maximize their distance 
from at least one adjoining oxygen thereby allowing an increase in the amount of electron 
donation to the metal. 
The low-energy structures for Cd
2+
(18c6), Figure 7.4d – f, are similar to those 
discussed above for Zn
2+
.  Again, the metal ion is central to the cavity of the crown 
coordinating to all six oxygens in a cage-like, pseudo-octahedron.  The [C2]p+u+d+p+u+d+ 
complex is lowest in energy at the DFT levels and is very close to having the D2 
symmetry seen for the Zn
2+
 complex.  Again the p+ oxygens have the shortest bond 
length to the cadmium and are 177 from each other in the axial positions.  The crown is 
slightly less folded than the Zn
2+
 complexes because of the larger size of the cadmium 
ion.  The OCdO angles between the equatorial O’s are 71, 127, and 139, while the 
average OCdO angles between the axial and equatorial oxygens are ~70 and 110.  




[C2]u+d+u+d-d-u- is isoenergetic with the  
[C2]p+u+d+p+u+d+ complex at DFT levels and is the GS at the MP2(full) level by ~1 
kJ/mol, Table 7.2.  The [C1]d-d-u-p-d+u+ is 1 – 2 kJ/mol higher in 298 K free energy and 2 
– 4 kJ/mol higher at 0 K.   









 counterparts previously reported in literature.  Early 
ab-initio calculations and ion mobility experiments show that Li
+
(18c6) is compact with 
the metal cation centrally located in the crown cavity.
16,42






(18c6) complex to be more severely distorted, where the cation coordinates to five 
of the six oxygens in the crown in an almost planar orientation and the remaining O is 
forced out of the plane.
35
  More recently, the Lisy group found a preference for Li
+
 to 
bind closely to three of the six oxygens in the cavity using quantum chemical theory and 
IR predissociation (IRPD) spectroscopy on argon-tagged Li
+
(18c6) probed in the CH 
stretching region.
37
  In contrast, Martinez-Haya et al. used IRMPD spectroscopy 
concentrating on the C–O stretching band to assign a symmetric D2, cage-like folded 
conformer as the GS.  Their quantum chemical calculations found the asymmetric open 
structure to be 12 kJ/mol higher in energy.
38
  The Li–O bond lengths of their D2 GS are 
0.04 – 0.08 Å larger than those found for Zn[D2]p+u+d+p+u+d+, as a consequence of the 
higher charge density of the Zn
2+
.  Several attempts were made to theoretically locate 
such asymmetric, open structures for the Zn
2+







 however, each attempt resulted in either ring cleavage or the 
structure would collapse to a lower energy, cage-like conformer.   




(18c6) GS is a relatively flat D3d structure 
(although two C1 structures with much shorter M–O bond lengths and slight curvature of 
the crown were close in energy).
38
  Martinez-Haya et al. assign a significant experimental 
population to the folded C1 structure with a possible contribution from the flatter, 
symmetric conformer.
38
  In agreement with the comparisons above, upon complexation 
with Cd
2+
, 18c6 prefers a more folded orientation with shorter M–O bonds (by ~0.15 Å) 
than those found for Na
+





 ions are both slightly larger than their closest alkali metal 




reflection of the higher nuclear charge and subsequent increase in the charge density of 
the dications compared to the monocations.  In the 12c4 system, shorter bonds were not 
formed because the Zn
2+
 metal ion is too large for the cavity of the crown, leading to 
steric hindrance. Comparing the M–O bond lengths between the Zn and Cd structures, 
there is about a 0.2 Å increase in the average bond length, Table 7.1, which is a reflection 
of the increase in the ionic radius from 0.78 to 0.99 Å.  Both of these trends show that the 
conformation of the metal crown ether complex depends on the charge of the metal ion as 
well as its size, leading to possible implications on selectivity.   
IRMPD spectra.  Photodissociation spectra from ~750 to almost 1600 cm
-1
 are 




 along with a depletion 
spectrum of Zn
2+





photodissociation resulted in the fragmentation and charge separation of the ring forming 
ZnOH
+
(C2H4O)n, where n = 1 – 3 for 15c5 and n = 1 – 4 for 18c6.  The partner product of 
this charge separation was observed and is the (C2H3)(C2H4O)
+
 ion, which also undergoes 
secondary losses of C2H2 and C2H4 groups.  In both Cd
2+
 spectra, the metal containing 
product observed was a singly charged [Cd(C2H3O)]
+
 (m/z 157 for 
114
Cd) fragment.  The 
direct partner product, H
+
(C2H4O)n where n = 4 for 15c5 and n = 5 for 18c6, was not 
observed, but secondary crown fragments of (C2H3O)
+





(C2H4O) (m/z 87) were recorded.  Photodissociation of 18c6 
complexed with either metal also resulted in the loss of an intact ether segment, neutral 
C2H4O, to form M
2+
(15c5).  For complexes with 15c5 and 18c6, the spectra in Figure 7.5 
correspond to the total relative ionic fragmentation yield as a function of laser 



















also generated for comparison and are similar to those in Figure 7.5, although the relative 
intensities of peaks do vary among the spectra.  Very few products were observed in the 
photodissociation of Zn
2+
(12c4) because the reactant intensity was low and the complex 
is tightly bound resulting in little fragmentation, hence the depletion spectrum is also 
examined here.  Because of these difficulties with the Zn
2+
(12c4) system, the spectrum 
only spans 770 – 1180 cm-1. 
Assignments of the vibrational modes and of the corresponding GS structures rely 
on the overall agreement between the IRMPD spectra and the linear IR harmonic spectra 
predicted by theory, as well as previous assignments in this region for alkali crown 
complexes.
34,38
  In each of the 15c5 and 18c6 spectra, the most intense band lies near 
1040 cm
-1
, Figure 7.5, and corresponds to the C – O stretching modes of these 
complexes.  As such, this band provides the best probe for the coordination of the crown 
to the metal dication and will be the most diagnostic band used in the comparison of 
experimental and theoretical spectra.  The peak of this band is red shifted by ~100 cm
-1
 
from the neutral crown species
65
 because of the partial electron transfer from the O’s in 
the crown to the metal dication, as described by Walters et al.
66
 for hydrated metal cation 
systems.  Notably, this band is broader for Zn
2+
 complexed with 15c5 (FWHM ~ 40 cm
-1
) 
than the corresponding Cd
2+
 spectrum (FWHM ~30 cm
-1
).  In the Zn
2+
(18c6) spectrum, 
the C-O stretching band clearly exhibits two distinct peaks at 1025 and 1078 cm
-1
.  In the 
Cd
2+
(18c6) spectrum, the main peak is centered at ~1043 cm
-1
, but there is additional 
broadening on the blue side, suggestive of an incompletely resolved band.     
The largest shift in the C-O stretching band is seen in the Zn
2+
(12c4) spectrum, 
where the broad (FWHM ~ 80 cm
-1
) peak is centered at ~1000 cm
-1




red shift of ~140 cm
-1
 from neutral 12c4
65
 and a shift of 25 – 43 cm-1 from the larger 
crown dication complexes.  This red shift from both the neutral and the larger 
M
2+
(crown) complexes is because of the increased electrostatic potential of the 
Zn
2+
(12c4) complex, i.e., having fewer oxygens means each one donates more electron 
density to the zinc ion.  Thus this complex has the shortest M–O bond lengths of all 
complexes calculated here, Table 7.1.  Such an observation may also correspond to 
enhanced stability of the 12c4 complex with the Zn
2+
 ion.  This stability may be 
understood by the 18e
–
 rule, which is fulfilled with the lone-pairs of the 4 O’s in 12c4, 
and is also consistent with 12c4’s selectivity for Li+, as suggested by a best-fit model.11     
The second most intense band in these spectra is attributed to the C–C stretching 
modes, centered near 930 cm
-1
 in the 15c5 and 18c6 spectra and 880 cm
-1
 in the 
Zn
2+
(12c4) spectrum.  In all spectra, the difference between the C–C and C–O stretching 
bands is 110 – 120 cm-1 (largest in the Cd2+(18c6) spectrum). All remaining peaks in the 
spectra are quite small and do not vary appreciably as the metal or crown is changed.  
The peak centered near 810 cm
-1
 is a C–O–C bend coupled with CH2 torsions; those from 
1230 – 1280 cm-1 are CH2 torsions; and at ~1465 cm
-1
 are CH2 scissoring motions 
(referred to as bends in a previous report
38
), Figure 7.5.  There may be a tail on the blue 
side of each C–O stretching band at ~1100 cm-1, which would be attributable to a CH2 
rocking motion.  Finally, there is also a possible band from 1340 – 1360 cm-1 
corresponding to the CH2 wagging motions of the crown, seen most clearly after 
magnification of the high frequency bands in the Zn
2+
(15c5) spectrum presented below. 
These assignments are in agreement with those reported previously for alkali metal cation 
crown complexes,
34,38




20 – 40 cm-1 from the alkali crown complexes.  This is expected because of the increased 
perturbation of the crown from the higher charge density of the metal dications and 
resulting shorter M–O bond lengths. 
Comparison to theory: Zn
2+
(12c4).  For the most part, the calculated linear IR 
spectra of the various conformers for a given complex are very similar, such that 
comparisons with the experimental IRMPD spectra are shown only for the low-energy 
conformers of each complex.  It should be remembered that the experimental IRMPD 
intensities need not be reproduced by the calculated one-photon absorption spectrum, but 
the relative intensities between bands often offer a good qualitative comparison to 
experiment.  Perhaps the most conclusive comparison between experiment and theory is 
found for Zn
2+
(12c4), Figure 7.6.  Here the calculated C–O and C–C stretches of the C4 0 
K GS are at 1010 and 904 cm
-1
, respectively, and thus is blue-shifted compared with the 
experimental bands at ~1000 and ~880 cm
-1
, although this conclusion is dependent on the 
vibrational scaling factor applied to the theoretical spectra.  Additionally, these 
symmetric structures have a narrow C–O stretching band, which certainly does not agree 
with experiment.  Instead the experimental peak positions and broad asymmetric shape of 
the C–O band are reproduced nicely by the theoretical spectrum predicted for the free 
energy GS, [CS]u-u+p+u-.  The predicted C–O stretching bands include three relatively 
intense peaks at 988, 1018, and 1045 cm
-1
, which result from combined symmetric (vsym) 
and asymmetric (vasym) C–O stretches of the different oxygens.  The lowest frequency 
mode at 988 cm
-1
 is the C–O–C vsym of the u- and opposing p+ O’s combined with 
motions of the vasym stretch of the u+ and opposing u-.  The vsym of the u- and p+ O’s 




Figure 7.6.  Comparison of the experimental IRMPD spectrum of Zn
2+
(12c4) with IR 
spectra of three low-energy conformers predicted at the B3LYP/6-311+G(d,p) level.  
Relative 298 K free energies from Table 7.2 are given in parenthesis calculated at the 



























































































opposing u- O’s displaces each oxygen in a side-to-side movement away from its 
neighbors.  These motions combine to maximize the distances from each neighboring 
oxygen thereby maximizing the attractive interactions with the metal, leading to greater 
electron transfer from the oxygens to the metal, Table 7.3, thereby explaining the lower 
frequency.  This explains the 20 cm
-1
 red shift from the C–O stretching band in the 
symmetric C4 complexes.  The two higher frequency modes in the CS spectrum at 1018 
and 1047 cm
-1
 are the vasym motions of the opposing u- and p+ O’s, which are forced to 
interact more with each other and with their neighbors, as described above.  The 1047 
cm
-1
 band is a large side-to-side vasym motion of the p+ oxygen and smaller side-to-side 
motions of the two neighboring O’s.  These motions combine to alternately bring the p+ 
oxygen closer to one of its O neighbors.  The NBO analysis reveals that this p+ oxygen 
donates the least amount of charge to the metal (most negative natural charge, Table 7.3) 
because it has the closest O–O distances to its neighbors (2.636 Å, Table 7.1).  This 
maximizes the O–O repulsive force, leading to the highest frequency C–O stretch 
observed.  The 1018 cm
-1
 band corresponds to a similar movement of the u- oxygen with 
the shortest bond, which has the second most negative natural charge and lies on the 
opposite side of the p+ oxygen, again leading to a blue shift in the C–O stretch compared 
to the C4 complex.  This u- oxygen has longer O–O distances to its neighbors than the p+ 
oxygen by 0.115 Å, Table 7.1, explaining the red shift from the similar motions of the p+ 
oxygen. 
The predicted C–C stretch of the CS complex at 885 cm
-1
 is also in excellent 
agreement with experiment, and the relative intensities of the two bands are predicted 




298 K free energy GS.  The C–O and C–C stretches are higher in frequency than 
experiment by ~20 cm
-1
 and the predicted C–O band shape does not match well.   
The good agreement between the positions, relative intensities, and shapes of the 
bands in the experimental spectrum compared to those predicted for the CS structure 
suggests that the vibrational scaling factor applied here is accurate.  The C4 complexes 
are predicted to be < 1 kJ/mol higher in 298 K free energy such that they could each 
comprise ~30% of the reactants at 300 K if an equilibrium distribution were present.  
Some contribution of the C4 complexes cannot be ruled out because of spectral overlap. 
Contributions from the higher energy C1 structure also cannot be ruled out for similar 
reasons, although this complex is 3 – 5 kJ/mol in 298 K free energy above the GS, such 
that an equilibrium distribution predicts it should comprise only 6 – 8% of the reactants at 
300 K.  





(15c5) are quite similar to one another with C–O and C–C stretching bands that peak 
at ~1040 and 930 cm
-1
, respectively, Figures 7.7a and 7.7b.  As noted above, the 
Zn
2+
(15c5) spectrum has a broader C–O stretching band than that in the Cd2+ spectrum.  
This difference is nicely predicted by the theoretical GS spectra.  For Zn
2+
(15c5), the GS 
is [C1]d-u+d+u+d+, which has a C–O stretching band that is in good agreement with 
experiment in both its position and shape, Figure 7.7a.  There are two intense vibrations 
at 1024 and 1037 cm
-1 
and several higher frequency vibrations reproducing the broader 
shape of this experimental band.  Similar to the vibrations described in the Zn
2+
(12c4) 
complex, the lowest frequency stretch maximizes the attractive M-O and minimizes 



































(15c5) with IR spectra of two low-energy 
conformers predicted at the B3LYP/6-311+G(d,p) and B3LYP/Def2TZVP levels.  Relative 298 K free energies from Table 7.2 are 






































































































































of the different oxygens.  The highest frequency bands are a series of vasym movements 
where the oxygens with the most negative natural charge move toward each other.  Exact 
assignment of these stretches is complicated because the crowns are cyclic and there is a 
CH2 rocking motion overlaid in the higher frequency C–O stretches.  The predicted GS 
spectrum agrees well with experiment in all other regions as well, including the C–C 
stretch at ~930 cm
-1
 and weak bands at ~ 810, 1250, and 1470 cm
-1
.    
As mentioned above, the peak of the CH2 wagging mode at ~1340 cm
-1
 is visible 
in the Zn
2+
(15c5) spectrum after magnification of the high frequency bands.  The position 
of this band agrees within 10 cm
-1
 of the predicted band of either low-energy isomer.  
The [C1]d+u+d-d-u- conformer is 5 – 7 kJ/mol higher in 298 K free energy, with a similar 
predicted spectrum as the GS because of the similar metal-crown binding motif.  The C–
O stretching band peaks at 1027 cm
-1
, a red shift of ~10 cm
-1
 from both experiment and 
the predicted GS spectra, probably because the M–O bond lengths of this complex are 
slightly shorter compared to the GS.  This band is also slightly narrower (FWHM ~ 20 
cm
-1
) than either the C1 GS (FWHM ~ 30 cm
-1
) or experiment (FWHM ~ 40 cm
-1
).  Also, 
the peak for the C–O–C bending with CH2 torsions is shifted to the red by 20 cm
-1
 from 
the GS (~25 cm
-1
 from experiment).  Overall, the experimental spectrum is in excellent 
agreement with that of the predicted GS, but because the deviations from the higher 
energy spectrum are minor, contributions to the experimental spectrum from the 
[C1]d+u+d-d-u- cannot be ruled out by spectral comparison, although its population in an 





 experimental spectra, the shape of the C–O 
stretching band is narrower in the Cd
2+




the low-energy structure for Cd
2+
(15c5), which adopts a less folded binding motif than 
the Zn
2+
 complexes.  The GS complex at all levels of theory has all O’s in almost the 
same plane as the centrally located cadmium.  Because of this, the crown can maximize 
the average distance between each neighboring oxygen, at the cost of a longer average 
M–O distance.  The two main vibrations in the predicted spectra are side-to-side vasym 
movements of the different O’s such that no oxygen is displaced closer to the metal ion, 
in contrast to the combination of vsym and vasym stretches described above.  Consequently, 
the C–O stretching band of the GS is narrow, in agreement with the shape of the 
experimental band, Figure 7.7b.  The C–O stretching peak is at 1045 cm-1, agreeing 
within 5 cm
-1
 of experiment.  The other obvious peaks in the experimental spectrum are 
the C–C stretch at 930 cm-1 and C–O–C bend with CH2 torsions at 810 cm
-1
.  Both agree 
nicely with the predicted band positions and shapes of the GS, as does the minor band 
near 1460 cm
-1
, the CH2 scissoring motion.   
The higher energy conformer of Cd
2+
(15c5) has a slightly more distorted crown 
that wraps around the metal more with closer M–O bond lengths causing a red shift of the 
C–O stretching frequencies from the GS spectrum, and broadening from higher 
frequencies because of the unfavorable O–O interactions, as discussed above for 
Zn
2+
(15c5).  The predicted spectra of both conformers are sufficiently similar that no 
definitive conclusion can be drawn by spectral comparisons alone.  The [C1]d-u+u+d-u- is 
the lowest excited conformer in free energy, but still higher than the GS by 13 – 15 
kJ/mol, Table 7.2, suggesting that excited conformers are not appreciably populated for 




Comparison to theory: 18c6.  The three lowest free energy conformers of 
Zn
2+
(18c6) reproduce the experimental spectra well with minor deviances in both the D2 
and C2 predicted spectra, Figure 7.8a.  Good overall agreement with experiment is found 
when comparing the spectrum for [C1]u+d+u-p-d-u-, which is favored by 2 – 6 kJ/mol in 
298 K free energy over the D2 and C2 complexes, Table 7.2.  The C–O stretching band 
has two obvious peaks in the experimental spectrum centered at 1025 and 1080 cm
-1
.  
This splitting of the C–O band is reproduced in the predicted spectrum of the [C1]u+d+u-p-
d-u- with similar band positions after convolution (1023 and 1080 cm
-1
), shapes, and 
relative intensities, Figure 7.8a.  The most intense C–O stretch after convolution is at 
1023 cm
-1
 and consists of two motions, each being fairly intense.  The lowest frequency 
vibration at 1019 cm
-1
 consists of a vsym stretch of the axial O’s, where each oxygen is 
pulled closer to the metal ion, and a side-to-side vasym of the equatorial O’s.  Remarkably, 
these motions combine to maximize the Zn–O attraction while minimizing the O–O 
distances.  The second motion of this peak is located at 1032 cm
-1
 and is the vasym stretch 
of one axial oxygen (which has the shortest M–O bond length) as well as two equatorial 
O’s in a combined motion that maximizes the distance between the axial and equatorial 
O’s but minimizes the distance between the two equatorial O’s.  The highest frequency 
peak at ~1080 cm
-1
 consists of the side-to-side vasym of the axial and equatorial O’s 
thereby creating an overall motion that brings the axial O’s closer to neighboring lone 
pairs and increasing intermolecular repulsive forces.  Similar splitting is seen in the C-O 
bands of the D2 and C2 complex spectra, where the main lower frequency C–O stretches 
agree with experiment, but the higher frequency peaks are shifted slightly, in both cases 









(18c6) with IR spectra of three low-energy conformers predicted at the B3LYP/6-
311+G(d,p) and B3LYP/Def2TZVP levels.  Relative 298 K free energies from Table 7.2 































































































   


































































































Zn–O bond lengths, Table 7.1, and its band is centered at 1085 cm-1, while the C2 
complex has the shortest axial Zn–O bond length and the band shifts down near 1075 cm-
1
.  Overall, these shifts in band position are not significant enough to make a definitive 
assignment.   
The minor bands in the predicted [C1]u+d+u-p-d-u- spectrum also reproduce the 
experiment nicely, Figure 7.8a.  In the experimental spectrum, there is a tail on the blue 
side of the C–O stretching band at ~1120 cm-1 in the 0 dB spectrum, which may be 
assigned to a CH2 rocking motion, although exact assignment is difficult because this 
motion is fairly weak and not resolved experimentally.  In the [C1]u+d+u-p-d-u- spectrum, 
this band is reproduced in position, shape, and intensity relative to the main C–O 
stretching band.  In both symmetric structures, this CH2 rocking motion is overestimated 
in intensity and occurs at slightly higher frequencies thereby splitting from the C–O 
stretching band more than found in the experiment.  The C–O–C bend with CH2 torsions 
band at 810 cm
-1
 has a narrow band shape more similar to the C1 structure than the 
broader bands of either the D2 or C2 complexes.  The CH2 torsions bands centered at 
1225 and 1280 cm
-1
 are reproduced nicely in the C1 spectrum, whereas the D2 and C2 
spectra have peaks that are more split and are centered at 1235 and 1295 cm
-1
, although 
these differences are minor. In all three theoretical spectra, the C–C stretching and CH2 
scissoring modes agree with experiment in band positions (within 5 cm
-1
) and shapes.  
Clearly the [C1]u+d+u-p-d-u- spectrum alone reproduces the experiment over the entire 
wavelength region, however, because of similarities in the structures and predicted 
spectra, contributions from the more symmetric conformers cannot be ruled out on the 




likely that all three are formed experimentally.  In an equilibrium distribution, the [C1] 
complex is expected to comprise ~60% of the reactant beam while the symmetric 
structures each contribute ~20% using DFT energies; however at the MP2(full) level, the 
[C2] complex rises in 298 K free energy and should not be appreciably populated (< 6%).  
Only the conformers much higher in energy can be intrinsically ruled out from spectral 
comparisons, although these are not explicitly compared here because of the large 
number of high-energy isomers.    
In the Cd
2+
(18c6) system, the main C–O stretching band shifts (~20 cm-1) to 
slightly higher frequencies than the Zn
2+
(18c6) species, but the higher frequency band 
remains at similar frequencies, such that the C–O band is no longer obviously split, 
Figure 7.8b.  The lack of splitting in this system is not surprising considering that 
Cd
2+
(18c6), although forming the pseudo-octahedron structure, is not as tightly folded as 
the Zn
2+
(18c6) conformers and maximizes the O–O distances, as discussed above.  
Although the motions of the C–O stretching band are similar to those described above for 
Zn
2+
(18c6), the intermolecular M–O distances are much longer, causing less splitting of 
the C–O stretching band from the different combined motions.  In addition, compared to 
the three low-energy Zn complexes, NBO analysis reveals less electron transfer to the Cd 
metal (evident by its more positive charge) and a more equal charge distribution between 
the axial and equatorial O’s.  In [C2]u+d+u+d-d-u-, two equatorial O’s are closer together 
than the other two structures, which causes the slightly larger splitting in this spectrum 
for reasons outlined above in the Zn
2+
 system.   
Similar to the Zn
2+
(18c6) system, the lowest three conformers of Cd
2+
(18c6) are 




varying only slightly in the C–O stretching region because of minor differences in the M–
O bond lengths and O–O interactions as well as in the CH2 rocking motion.  The 
[C2]u+d+u+d-d-u- structure has the smallest predicted CH2 rocking contribution near 1120 
cm
-1
, similar to experiment; however, because the experimental spectrum has very little 
contribution from any minor bands, drawing conclusions on the basis of these bands may 
not be accurate.  Because the binding motifs and energetics of these structures are so 
similar, no definitive conclusions can be drawn regarding any structural or symmetric 
preferences for this system, although it is apparent that the most stable binding 
configuration of the 18c6 complexed with a metal dication has been located within a 
broad class.  Namely, the crown is highly distorted forming a tight cage around the 
dication with O’s in an axial position ~180° from each other and the remaining four O’s 
along the equator in alternating positions below and above the metal, Figure 7.4d – f.   
Comparison to alkali–crown counterparts.  It appears that the main contribution 
to the Zn
2+
(12c4) spectrum is from the CS structure, which is predicted as the 298 K free 
energy GS by all levels of theory used here.  The assignment of a CS GS is in agreement 





  As mentioned above, Zn
2+
(12c4) has the lowest frequency C–O stretching 
band of all systems studied here, which can be understood by the fulfillment of the 18e- 
rule, and possible size selectivity for the Zn
2+
 metal similar to 12c4’s selectivity for Li+.11  
Armentrout and coworkers also observed an usually high binding energy of Li
+
 to 12c4, 
much greater than that for Na
+
(18c6), but were unable to experimentally form the 15c5 
and 18c6 complexes of Li
+
 for comparison in the binding energies.
19




Except for the Zn
2+
(12c4) system, the Zn
2+
(18c6) spectrum has the most red 
shifted C–O stretching band, almost 20 cm-1 larger than that of the Cd2+(18c6) spectrum.  





  The relative positions of these two bands in the Zn and Cd spectra may 
be explained by the qualitative trend described by Armentrout and coworkers in their 








) crown (12c4, 15c5, 
18c6) complexes, where a consistent energetic preference for the smallest metal in the 
largest crown was found.
19
 Armentrout and coworkers also reported only a slight increase 
(0.02 eV) in the binding energy of Na
+
(18c6) compared to Na
+
(15c5).  This agrees 





(18c6) spectra.    





(18c6) spectra is a consequence of a more tightly folded 
complex.  The crown distorts heavily around the metal such that the combined motions of 
the different oxygens causes a broadening of the band from maximizing M–O attractive 
forces and minimizing O–O repulsive forces.  Similar to these observations, the C–O 




(18c6) spectra are both broad and the structures assigned 
are folded, whereas the larger K
+
 ion has a narrow C–O stretching band indicating a 
flatter structure.
38




 systems is broader than 
those of their respective similar-sized, alkali counterparts.  This agrees with our 
discussions above that the higher charge density of the metal causes the crown to distort 





Infrared multiple photon dissociation spectroscopy is used in conjunction with 
quantum chemical calculations to provide insights into the fundamental interactions 
between varying sized crown ethers and group 12 metal dications.  Comparison of these 
experimental spectra with IR spectra calculated at the B3LYP/6-311+G(d,p) and 
B3LYP/Def2TZVP levels allow for the elucidation of likely conformers present in the 
gas phase.  Examination of the C–O and C-C stretching bands yields the most structural 
information while the other bands in the spectra are minor and generally do not deviate 












(15c5) systems.  Conformational assignments based on spectral 
comparisons agree with the GSs predicted by the relative energetics computed at the 
B3LYP, B3P86, and MP2(full) levels, such that either DFT or MP2(full) methods seem 
adequate for describing these host/guest interactions.  The spectra and GS conformations 
observed here are also compared to those of similar sized alkali metal cation crown 
complexes.  These comparisons demonstrate that the increased charge density of the 
metal dication shifts the C–O stretch of the crown ethers to lower frequencies.  In 
addition, because of the increased electrostatic interactions, the crown distorts more 
around the metal, thereby forming shorter M–O bonds and increasing the electron 
donation from each oxygen to the metal causing splitting and broadening of the C–O 
stretching band for the folded structures.  This broadening is also seen in the Zn
2+
(12c4) 
complex, which forms an almost square pyramidal shape, with the Zn ion exposed at the 






(12c4) complex are observed and may be explained by the fulfillment of the 
18e- rule and possibly the metal cation selectivity of the 12c4 complex.  In the 15c5 and 
18c6 systems, the crown is able to overcome the geometric constraints introduced by its 
backbone and wraps itself more tightly around the metal compared to its orientation in 
comparably sized alkali systems.  In all systems studied, the combined motions of C–O 
stretches were described by theory and found to depict the delicate balance of the 
intermolecular attractive M-O and repulsive O-O forces, as evident by broadening and 
splitting of the C-O stretching band.   
The fundamental interactions and structural parameters elucidated here give 
insight into the selectivity of the crowns for metal ions.  Selectivity is not simply a best fit 
model.  Metal charge plays a significant role in the orientation and alignment of the 
oxygen dipoles such that a balance is struck between the attractive and repulsive 
intermolecular forces of the crown.  For the most part, condensed phase selectivity 
depends critically on solvation amount and type.  Folded structures are expected to 





(15c5) may gain in importance because the complex 
can be strongly stabilized by direct, partial solvation of the metal dication.  Obviously, 
the effect of microsolvation is highly dependent on the size of the ion, type of solvent, 
amount of solvation, and crown ether cavity size.  As such, microhydration of the metal 
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CHAPTER 8 
STURCTURAL ELUCIDATION OF BIOLOGICAL AND 
TOXICOLOGICAL COMPLEXES: INVESTIGATION 
OF MONOMERIC AND DIMERIC COMPLEXES  
OF HISTIDINE WITH MULTIPLY CHARGED  
TRANSITION METAL (ZN AND CD)  
CATIONS USING IR ACTION  
SPECTROSCOPY 
Abstract 
 The gas-phase structures of singly and doubly-charged complexes involving 
transition metal cations, Zn and Cd, bound to the amino acid histidine (His) as well as de-
protonated His (His–H) are investigated using infrared multiple photon dissociation 
(IRMPD) spectroscopy utilizing light generated by a free electron laser.  IRPMD spectra 
are measured for CdCl
+
(His), [Zn(His–H)]+, [Cd(His–H)]+, Zn2+(His)2, and Cd
2+
(His)2 in 
the 550 – 1800 cm-1 range.  These studies are complemented by quantum mechanical 
calculations of the predicted linear absorption spectra at the B3LYP/6-311+G(d,p) and 
B3LYP/Def2TZVP levels.  The monomeric spectra are similar to one another and 
indicate that histidine coordinates to the metal in a charge solvated (CS) tridentate form 
in the CdCl
+




carboxylic acid terminus in the [M(His–H)]+ complexes.  The preference for these 
particular complexes is also found in the relative energetics calculated at the B3LYP, 
B3P86, and MP2(full) levels.  The spectra of the dimer complexes have obvious CS 
characteristics suggesting that at least one of the His ligands is charge solvated; however, 
there are also signatures for a salt-bridge (SB) formation in the second His ligand.  The 
definitive assignment of a SB ligand is complicated by the presence of the CS ligand and 
conflicting relative energetics from the different levels of theory. 
Introduction 
Under physiological conditions, zinc exists as the divalent Zn
2+
 cation and plays a 
significant role as the metal center of carbonic anhydrase, a metalloenzyme with three 
histidine (His) residues coordinated to a zinc ion, and in the zinc finger protein.
1-6
  The 
zinc finger protein module is abundant in all mammalian genes and is responsible for 
DNA and RNA-binding, cell cycle signaling, and protein-protein interactions.
4
  The 
classic binding motif of the zinc finger has Zn
2+





(His)(Cys)3 formation has also been identified.  Both 
motifs are associated with proteins that recognize, bind, and repair DNA and RNA.
5,7
  
The zinc finger is a sensitive target for toxic heavy metals like Cd
2+
 because the zinc ion 
can be replaced by even low concentrations of certain metals, thereby inhibiting the 
functionality of the zinc-dependent complex.
8
  This inactivation has a profound effect on 
genomic stability, the reproductive system, brain development, and may increase the risk 
of tumor development.
7,8
  Because cadmium can bio-accumulate and anthropomorphic 
emissions into the environment are 18 times higher than naturally occurring rates, human 
and environmental exposure to this metal is a major threat.
8-10




finger proteins, it has been suggested that the carbonic anhydrase metalloenzyme may not 







Using a variety of condensed phase experimental techniques for structural 
determination (e.g. crystallography, NMR), the mechanism for protein inactivation by 
removal of the zinc is presumed to be structural changes or chemical modification 
(oxidation) of the coordinating residues.
1-5,7,8,12
  These proposed mechanisms of 
deactivation are influenced by varying protein structures, protein interactions, and 
solvent. Studying these complexes in isolation may be beneficial to better understand the 
modifications of the coordinating residues upon metal substitution.   
One strategy for investigating the fundamental interactions between a metal and 
its metal-site in a protein is to study these metals coordinated to the pertinent chelating 
residues in the gas-phase, creating a biomimetic complex.  This approach has been used 
for monomeric, dimeric, and trimeric complexes of histidine and similar molecules like 
aromatic amino acids, tryptophan (Trp) and phenylalanine (Phe), with singly and doubly 
charged metal cations as well as in protonated dipeptides and complexed with variety of 
singly charged anions.
13-25
 Here, we have undertaken a systematic conformational 
investigation of zinc and cadmium binding one and two His residues using infrared 
multiple photon dissociation (IRMPD) action spectroscopy and quantum chemical 
calculations.   
As mentioned above, physiologically relevant complexes have both one and two 
His coordinated directly to Zn
2+
.  Hence IRMPD spectra were obtained for M
2+
(His)2, 
where M = Zn and Cd.  The doubly charged monomeric complexes, M
2+
(His), were not 






, were also measured.  To see whether deprotonation affects the structure, the 
spectrum of the CdCl
+
(His) complex was also measured.  Conformations are identified 
by comparing experimental spectra to single photon spectra predicted by quantum 
chemical calculations of low-energy structures calculated at the B3LYP/6-311+G(d,p) 
level for Zn
2+
 complexes and B3LYP/Def2TZVP  for Cd
2+
 complexes.  Relative energies 
for these complexes are calculated using B3LYP, B3P86, and MP2(full) levels with the 
6-311+G(2d,2p) basis set for Zn
2+
 complexes and Def2TZVPP basis set for Cd
2+ 
complexes. Structural elucidation of these complexes will lead to fundamental 
understanding of the effect of the metal on such a biologically important binding site.  
Experimental and Theoretical Methods 
Mass spectrometry and IRMPD spectroscopy.  A 4.7 T Fourier transform ion 
cyclotron resonance (FT-ICR) mass spectrometer
14,26,27
 coupled to a beamline of the free 
electron laser for infrared experiments (FELIX)
28
 was used to record the IRMPD spectra.  
Reactant ion complexes were formed by electrospray ionization (ESI) using a Micromass 
Z-spray source and a solution of 1mM zinc nitrate (or cadmium chloride) and 1mM His 
in 50:50 MeOH:H2O solution with a solution flow rate of ~10 µL/min. All chemicals 
were obtained from Aldrich.  Ions were accumulated in a hexapole trap for ~4 s prior to 
being pulse injected into the ICR cell via an rf octopole ion guide.  Before entering the 
ICR cell, ions are decelerated out of the octopole in such a way that they can be captured 
without a gas pulse such that collisional heating of the ions is avoided.
14
  Once trapped in 
the cell, the ion of interest is mass isolated using a stored waveform inverse Fourier 
transform (SWIFT) excitation pulse.  Spectra were recorded over the wavelength range of 
18.2 µm (550 cm
-1
) to as far as 5.5 µm (1830 cm
-1




50 mJ/macropulse of 5 µs duration.  The ion of interest was irradiated for 3 – 3.5 s at 5 or 
10 Hz  macropulse repetition rate, which corresponds to interaction with approximately 
15 – 18 macropulses at 5 Hz or 30 – 35 macropulses at 10 Hz.  For all but the [Cd(His-
H)]
+
 spectrum, various intense bands in the spectra were also probed with a 3 dB 
attenuated laser energy to avoid saturation and better represent relative intensities and 
peak shapes.  The full width at half maximum (FWHM) bandwidth of the laser was 
typically 0.5% of the central wavelength.  IRMPD spectra were constructed by plotting 
the total ionic fragmentation yield as a function of the wavenumber of the radiation.   






(His) directly.  The 
[M(His-H)]
+
 species were not directly produced in the ESI source but were generated by 
irradiating larger ions with a 40-W continuous-wave CO2 laser for 1s, and then allowing 
the resulting ions to cool for an additional 1s before irradiation with the FELIX light.  




 was formed from the 
Cd
2+
(His)2 species.   
Quantum chemical calculations.  Starting geometries for Zn
2+
(His) complexes 




  Using the Gaussian 09 suite of 
programs,
29
 these structures were further optimized at the B3LYP/6-31G(d) level
30,31
 
using the “loose” keyword, which utilizes a large step size (0.01 au) and rms force 
constant (0.0017) to ensure a rapid geometry convergence followed by geometry 
optimization at the B3LYP/6-311+G(d,p) level.  From Zn
2+
(His), the His residue was 
deprotonated at likely sites and the loose optimization step repeated.  Unique structures 
remaining after this procedure were chosen for further geometry optimization and 














systems, respectively.  Here the same geometry optimization procedures were followed 
using the B3LYP/Def2TZVP level, where Def2TZVP is a size consistent basis set for all 
atoms and includes triple zeta + polarization functions with an effective core potential 
(ECP) on Cd having 28 electrons (small core).
32,33
  The Def2TZVP basis set and ECP 
were obtained from the EMSL basis set exchange.
34
  Because of their large size and many 
degrees of freedom, a comprehensive structure search for the dimeric complexes was not 
undertaken, but low-energy binding motifs found for Zn
2+
(His) were combined to give 




(His)2.  Once constructed, we performed 
geometry optimization and frequency calculations for these complexes similar to those 
described for the monomeric complexes.   
For comparison to experiment, the vibrational frequencies and IR intensities were 
calculated using the harmonic oscillator approximation at the B3LYP level and were 
broadened using a 20 cm
-1
 FWHM Gaussian line shape.  Frequencies were scaled by 
0.975, consistent with scaling factors found appropriate in other studies of this spectral 
region on similar complexes of His.
16,19-21,35
 





 levels using the 6-311+G(2d,2p) basis set for Zn 
complexes and Def2TZVPP basis set for Cd complexes.  The relative energies between 
each isomer include zero point energy (ZPE) corrections to yield 0 K values and thermal 




scaled by 0.989, a scaling factor determined by Bauschlicher and Partridge to give 
accurate ZPE corrections at the B3LYP level using a 6-311+G(3df,2p) basis set.
38
 
Results and Discussion 
Theoretical results.  The low-lying structures found for CdCl
+
(His) are shown in 












  The nomenclature used to identify different structural 
isomers is similar to that described previously for the IRMPD studies of other metal-
amino acids.
39-41
  Briefly, conformations in this study are identified by their metal 
binding site in brackets, followed by a description of the His orientation by a series of 
four dihedral angles.  For the charge solvated (CS) structures, these angles start with the 
carboxylic acid hydrogen to define the H–O–C–Cα angle and proceed along the molecule 
ending with the “pros” nitrogen (N1, also commonly designated as Nπ of the imidazole 
side chain, which is the nitrogen closest to the β-carbon of the backbone.  These angles 
define the O–C–Cα–Cβ, C–Cα–Cβ–C, Cα–Cβ–C–N1 dihedrals and are distinguished as cis 
(c, for angles between 0 – 50), gauche (g, 50 – 135), and trans (t, 135 – 180).  For 
most salt-bridge (SB) conformations, the proton originally on the carboxylic acid is 
attached to either the alpha-amino (Nα) or N1 nitrogens.  For these complexes, the first 
dihedral angle starts at this bridging proton and moves along the molecule toward the 
deprotonated site and is labeled using a subscript according to where this proton is 
located (either Nα or N1).  The remaining three dihedrals are the same as above starting at 
the CO
─





Figure 8.1.  Structures of the CdCl
+
(His) complexes calculated at the B3LYP/Def2TZVP 

























atoms, leaving the carboxylic acid group intact.  These structures are higher in energy and 
the nomenclature remains the same as the CS complexes, with the particular SB motif 
explicitly noted.  In all conformations, the Cβ–C–N1–C, C–N1–C–N3 (where N3 is the 
“tele” or far nitrogen in the imidazole, also designated Nτ elsewhere), and N1–C–N3–C 
dihedrals are consistently found to have a “tcc” designation because of the steric 
constraints of the imidazole ring.  Thus, these orientations are omitted from our 
nomenclature.  For the deprotonated complexes studied here, [M(His-H)]
+
, the question 
of CS versus SB does not arise, although there are many possible deprotonation sites 
from each complex.  As such, the nomenclature includes a “–Hn” designation following 
the coordination sites, where n defines the deprotonation site.  If the deprotonation site is 
the NH2 group on the alpha carbon then the H–Nα–Cα–Cβ dihedral is given in parenthesis 
to define the angle of the proton still remaining.  The nomenclature of the dimeric 
complexes combines names of the monomeric complexes in a straightforward fashion. 
Monomeric Species. Relative energies, including zero-point energy (ZPE) 
corrections with respect to the ground state (GS) calculated at three different levels of 
theory, are given in Table 8.1 for the CdCl
+
(His) and [M(His–H)]+ complexes.  Because 
the relative Gibbs free energies at 298 K may be more relevant in describing the 
experimental distributions, these values are also listed in Table 8.1 and complexes are 
ordered with respect to increasing 298 K free energy at the B3LYP level.  Table 8.1 
includes all likely coordination sites for the CdCl
+
(His) system, although conformers 
having similar coordination sites but different dihedral angles were calculated but do not 
greatly affect the predicted spectra.  Because of the large number of possible structures 




Table 8.1.  Relative enthalpy at 0 K (ΔH0) and free energies at 298 K (ΔG298)
a
 (kJ/mol) 
of low-lying conformers of cationized monomeric His and His–H.b 
Complex Structure B3LYP B3P86 MP2(full) 
CdCl
+
(His) [CO,Nα,N1]tgcc 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 
 [Nα,N1]tgtg 19.8 (15.9) 22.6 (18.7) 30.2 (26.3) 
 [OH,Nα,N1]tggc 24.6 (22.4) 26.6 (24.5) 22.6 (20.5) 
 [CO2
─
]cN1tgc 34.8 (29.6) 39.0 (33.8) 63.5 (58.3) 
 [CO
─
,Nα]cN1cgg 32.3 (31.0) 34.4 (33.0) 64.9 (63.5) 
 [CO,N1]ctg+g- 41.2 (37.9) 43.9 (40.6) 61.6 (58.4) 
 [CO
─
,N1]cNαggg 64.6 (60.9) 64.9 (61.2) 80.4 (76.8) 
 [N3]ctgg 70.0 (68.2) 73.3 (71.5) 95.0 (93.2) 





 86.1 (84.4) 85.4 (83.7) 105.7 (104.0) 
 [OH,Nα]tttc
c










 113.0 (111.6) 109.6 (108.2) 125.8 (124.4) 
 [CO
─
,N3]cNαgcg 154.1 (150.5) 156.0 (152.4) 155.1 (151.5) 
[Cd(His–H)]+ [CO─,Nα,N1]-HCOggc 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 
 [CO,Nα
─
,N1]-HNα(t)tgcc 24.7 (24.2) 26.2 (25.7) 29.6 (29.2) 
 [CO,Nα
─
,N1]-HNα(c)tgcc 38.3 (37.8) 38.9 (38.4) 39.0 (38.5) 
 [CO,Nα,N1]-HN3tggg 80.0 (79.6) 80.2 (79.8) 73.3 (72.9) 
 [N3]-HNα(t)ttgg 272.0 (261.2) 301.0 (290.2) 27.9 (17.2) 
 [N3]-HNα(c)ctgg 282.4 (273.2) 309.5 (300.3) 25.4 (16.2) 
[Zn(His–H)]+ [CO─,Nα,N1]-HCOggc 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 
[CO, Nα
─
,N1]-HNα(t)tggc 43.8 (43.7) 44.9 (44.7) 48.2 (48.0) 
[CO,Nα
─
,N1]-HNα(c)tggc 54.0 (53.9) 53.7 (53.6) 53.9 (53.8) 





 ΔG298 values given in parentheses.  
b 
Values are single point energies calculated at the 
level shown using a 6-311+G(2d,2p) basis set on Zn containing complexes and 
Def2TZVPP on Cd containing complexes.  Geometries calculated at the B3LYP/6-
311+G(d,p) level on Zn containing complexes and B3LYP/Def2TZVP on Cd containing 
complexes.  Zero point energy corrections scaled by 0.989 are included.  
c
 Salt-bridge 
between Nα and N1.  
d
 Salt-bridge between the NαH3
+
, COOH, and N1
─
 groups. 
Table 8.1.  continued 
Complex Structure B3LYP B3P86 MP2(full) 
 [N3]-HNα(t)ttgc 379.8 (369.7) 410.8 (400.6) 108.6 (98.4) 




systems, higher energy structures were calculated but not presented here (and these are 
found to disagree with the experimental spectra). 
The CS tridentate [CO,Nα,N1]tgcc structure is the lowest energy conformation for 
CdCl
+
(His) at all three levels of theory.  This structure is similar to the CS1 conformation 







  Other CS conformations with [Nα,N1] and [OH,Nα,N1] coordination 
sites are 16 – 26 kJ/mol higher in 298 K free energy than the GS, Table 8.1.  The lowest 











coordination sites, Figure 8.1.  Interestingly these structures are 30 – 34 kJ/mol higher in 
298 K free energy at the density functional theory (DFT) levels, but are predicted to be 
58 – 64 kJ/mol higher than the GS at the MP2(full) level.  On the basis of the trends seen 
in Table 8.1, the MP2(full) level favors CS complexes and predicts SB structures to be 
much higher in energy compared to the predicted relative energetics of the same 
structures at the DFT levels.  Previous work has found that the CS structures of M
2+
(Trp) 
are highly stable for small, doubly charged metals like Cd and Zn.
22
  However, 
contributions from SB structures cannot be ruled out by relative energetics alone as 
calculations tend to overestimate the stability of the CS structures versus SB conformers 
of M
2+
(His) as determined on the basis of spectral assignments.
15
   
The higher energy complexes not shown include several [CO,N1] conformers, 
where each one differs slightly in the orientation of the amino acid such that the direction 
of the gauche dihedral angles must also be specified (either + or -).   The lowest of these 
is included in Figure 8.1 and Table 8.1. Each structure is predicted to be 38 – 60 kJ/mol 




relative intensity of the COH bend is dependent on the orientation of the hydroxyl and 
alpha amino groups.  The [CO,Nα
─
]tgtg complex is the lowest energy SB structure in 
which the proton bridges Nα and N1, Figure 8.1, but is still 46 – 55 kJ/mol higher in 298 
K free energy than the [CO2
─
] SB complex.  The [N3]ctgg and [N3]ttgt complexes have 
similar metal coordination and extended configurations, but differ in the orientation of 
the alpha-amino and carboxylic acid groups and resulting intermolecular H-bonding.  In 
[N3]ctgg, the proton on the hydroxyl H-bonds with the NH2 group, while the proton on 
N1 H-bonds to the carbonyl group.  In [N3]ttgt, the NH2 group accepts a H-bond from the 
proton on the N1, while the hydroxyl oxygen H-bonds with the NH2 group.  These 
changes result in free energy differences of ΔΔG298 = -7.6 – 4.1 kJ/mol.  Similar 
differences are seen in the intramolecular binding of the amino acid between the two 




]cggg.  In the former, the NH3
+
 group H-
bonds to both the N1 of the imidazole ring and the carbonyl oxygen, whereas in the 
[N3
─
]cggg complex, the NH3
+
 H-bonds to the carbonyl and the hydroxyl H-bonds to the 
N1 atom, Figure 8.1.  As such, in the latter structure two H-bonds are used to form a salt-
bridge between three groups: NαH3
+
, COOH, and N1
─
.  The highest energy structure 
located is a SB with the metal coordinated to both “ends” of the amino acid in a [CO─,N3] 
fashion and is 150 – 153 kJ/mol higher than the GS structure. 
For the deprotonated [M(His–H)]+ species, the lowest-energy structure for both 
the Zn and Cd systems corresponds to a tridentate GS, [CO
─
,Nα,N1], with a deprotonated 
carboxylic acid terminus, Table 8.1.  This is in agreement with previous work on 
[Zn(Phe)(Phe–H)]+, which found a similar deprotonation and coordination of Phe–H.14  
Both Zn and Cd form a [CO
─




for all three levels of theory.  This structure is similar to [CO,Nα,N1]tgcc of Figure 8.1 
without the hydroxyl oxygen.  Deprotonation is also possible from the Nα and N3 sites.  








, although the latter complex differs slightly in the dihedral angles for Zn.  
The former structure is 24 – 29 (44 – 48) kJ/mol higher in 298 K free energy than the GS 
for Cd (Zn) and the latter structure is another 9 – 14 (6 – 10) kJ/mol higher.  The two 
structures are differentiated by the HNα (t) or (c) dihedral, where the t orientation allows 
this proton to point toward the oxygen of the carbonyl, whereas in the less stable c 
orientation, it points away.  Deprotonation of N3 in the imidazole ring results in a 
Cd[CO,Nα,N1]-HN3tggg (Zn[CO,Nα,N1]-HN3tgcc) configuration that is 73 – 80 (99 – 102) 
kJ/mol in 298 K free energy than the GS complex, Table 8.1.   
Relative energetics of higher energy structures for the remaining coordination 
sites were calculated, although these complexes are > 40 kJ/mol for both systems at all 
levels of theory.  Interestingly, there are two extended structures calculated for both metal 
systems where the predicted relative energetics between the DFT and MP2(full) levels 
are in especially poor agreement, and therefore included in Table 8.1.  For both systems, 
the [N3]-HNα(t)ttgg and [N3]-HNα(c)ctgg complexes are very high in energy at the DFT 
levels ΔΔG298K = 261 – 300 (370 – 408) kJ/mol, but are only 16 – 17 (98 – 163) kJ/mol 
higher than the GS at the MP2(full) level.  These structures differ in the orientation of the 
alpha amino group similar to the [N3] complexes described above for the CdCl
+
(His) 
system.  Briefly, in the [N3]-HNα(t)ttgg complex, the HNα
─
 group accepts a H-bond from 






 accepts a H-bond from the hydroxyl group and N1H H-bonds to the 
carbonyl.  The discrepancy between the predictions of different levels of theory of these 
complexed amino acids obviously extends further than just the CS versus SB question. 
Dimeric Species.  Relative energies including ZPE with respect to the GS are 




(His)2 complexes.  Structures of the 
Zn
2+
(His)2 complexes are shown in Figure 8.2.  Higher energy species were also 
calculated, but not presented here.  The majority of the low-energy structures have one 
charge-solvated His with a [CO,Nα,N1]  coordination.  In the Zn
2+
(His)2 system, the 
lowest-energy structure at the DFT levels is a [CO,Nα,N1]tggc/[CO
─
,Nα]cN1cgg complex, 
where the second His ligand is in a SB conformation, Figure 8.2.  At the MP2(full) level, 
this complex is fairly high in 298 K free energy (ΔΔG298K = 26.0 kJ/mol) because SB 
configurations are disfavored by this level of theory, as discussed above.  
Disagreements between the levels of theory are also seen for the next two low-
energy complexes which involve the binding of CS and SB structures, Table 8.2.  The 
[CO,Nα,N1] tggc/[CO2
─
]cN1tgc is only 2 – 3 kJ/mol above the GS in 298 K free energy at 
the DFT levels, but this increases to 32 kJ/mol at the MP2(full) level (6 kJ/mol above the 
lowest CS/SB structure).  On the second His, the zinc is coordinated to the carboxylate 
group with Zn–O distances of 2.099 and 2.139 Å.  Similar to this structure is the 
tetrahedral coordination of the [CO,Nα,N1] tggc/[CO
─
]cN1tgc complex.  On the SB His, 
the zinc dication is coordinated mainly to one oxygen of the carboxylate instead of the 
entire CO2
─
 group with Zn–O distances of 1.909 and 2.774 Å.  This 4-coordinate 
structure is higher in energy than the respective GSs by 9 – 12 kJ/mol at the DFT levels 





 ΔG298 values given in parentheses.  
  b 
Values are single point energies calculated at the level 
shown using a 6-311+G(2d,2p) basis set on Zn containing complexes and Def2TZVPP on Cd 
containing complexes.  Geometries calculated at the B3LYP/6-311+G(d,p) level on Zn 
containing complexes and B3LYP/Def2TZVP on Cd containing complexes.  Zero point energy 
corrections scaled by 0.989 are included.   
Table 8.2.  Relative enthalpy at 0 K (ΔH0) and free energies at 298 K (ΔG298)
a
 (kJ/mol) of low-
lying conformers of cationized dimeric His.
b
 





,Nα]cN1cgg 0.0 (0.0) 0.0 (0.0) 31.3 (26.0) 
 [CO,Nα,N1]tggc/[CO2
─
]cN1tgc 6.6 (1.8) 7.8 (3.0) 41.8 (31.7) 
 [CO,Nα,N1]tggc/[CO
─





,Nα]cN1cgg 10.2 (10.2) 13.8 (13.8) 73.3 (68.0) 
 [CO,Nα,N1]tgcc/[CO,Nα,N1]tgcc 5.5 (10.8) 6.2 (11.5) 0.0 (0.0) 





]tN1tgc 4.1 (0.0) 6.2 (0.0) 42.5 (31.9) 
 [CO,Nα,N1]tgcc/[CO,Nα,N1]tgcc 0.0 (6.5) 0.0 (4.4) 0.0 (0.0) 
 [CO,Nα,N1]tgcc/[CO
─
,Nα]cN1cgg 8.8 (8.9) 9.3 (7.3) 46.7 (40.2) 
 [CO,Nα,N1]tgcc/[CO2
─
]cN1cgg 21.5 (15.5) 26.6 (18.6) 65.1 (52.6) 










Figure 8.2.  Low-energy structures of the Zn
2+
(His)2 complexes calculated at the 























,Nα]cN1cgg, although because both ligands have a SB 
formation this particular configuration is 68 kJ/mol higher than the MP2(full) GS, Table 
8.2.  Instead, the MP2(full) GS is also a C2 symmetric structure where both ligands are 
the charge-solvated GS discussed above, [CO,Nα,N1]tggc/[CO,Nα,N1]tggc, Figure 8.2.  
The CO groups are further from the metal such that the Zn–O distances are 2.964 Å, 
which is an increase of 0.524 Å compared to the Zn–O distance of the carbonyl in the CS 
ligand in the [CO,Nα,N1]tggc/[CO
─
,Nα]cN1cgg complex.  This large increase in the zinc–
carbonyl coordination is most likely a result of crowding and steric hindrance of the 
amino acid trying to coordinate six binding sites around the small zinc ion (ionic radius = 
0.78 Å
42
) and because the carbonyl is quite close to the imidazole ring of the opposing 
His ligand, Figure 8.2.   
To reduce this crowding around Zn
2+
, we constructed a 5-coordinate CS/CS 
complex, [CO,Nα,N1] tgcc/[CO,N1]ctgg.  In this complex, the Zn–O distance to the 
carbonyl on the bidentate ligand is 2.066 Å and on the tridentate His is 2.585 Å.  The 5-
coordinate orientation of the two His residues forms an almost square-pyramidal complex 
such that the N1 of  [CO,N1] ligand is the apex of the pyramid, Figure 8.2.  This complex 
is 6 – 28 kJ/mol higher in 298 K free energy than the 6-coordinate 
[CO,Nα,N1]/[CO,Nα,N1] CS/CS structure.  Several other CS/CS, CS/SB, and SB/SB 
combinations were attempted such that the zinc would be binding to either four, five, or 
six sites in the His ligands, but these are sufficiently high in energy (ΔΔG298K ≥ 17 
kJ/mol) at all levels of theory, Table 8.2, that they are not expected to comprise greater 




Similar low-energy structures were found for the Cd
2+
(His)2 system, Table 8.2.  
Here the 298 K free energy GS at the DFT levels is again a CS/SB configuration, 
[CO,Nα,N1] tgcc/[CO2
─
]cN1tgc, however, this complex is 4 – 6 kJ/mol higher in 0 K 
enthalpy at the DFT levels and is disfavored in both 0 K enthalpy and 298 K free energy 
by 32 – 42 kJ/mol at MP2(full).  Instead the 0 K GS at the DFT and MP2(full) levels is a 
CS/CS complex with C2 symmetry, namely the [CO,Nα,N1]tgcc/[CO,Nα,N1]tgcc 
conformer, which agrees with the overall 298 K GS predicted by MP2(full).  Although 
there are similarities between the two [CO,Nα,N1]/ [CO,Nα,N1] structures of the Zn and 
Cd systems, the larger Cd ion has a small but noticeable effect on the coordination 
behavior as well as the resulting relative energetics.  The larger size of the Cd
2+
 ion (ionic 
radius = 0.99 Å
42
) allows for an easier six-fold coordination of the two histidines to the 
metal such that the two CO groups are coordinated closer to the metal with Cd–O 
distances of 2.652 Å.  This distance is 0.312 Å shorter than the Zn–O bond in the 
analogous CS/CS structure discussed above for Zn
2+
(His)2, but is still longer by 0.223 Å 
compared to the Cd–O distance of the carbonyl in the CS ligand of [CO,Nα,N1] 
tgcc/[CO2
─
]cN1tgc.  The longer Cd–O distances in the CS/CS complex again result from 
slight crowding around the cadmium ion, although this crowding has substantially 
decreased compared to the Zn system.  Finally, compared to the predicted DFT GS of the 
Zn
2+
(His)2 system, the analogous structure for Cd
2+
(His)2 is [CO,Nα,N1] 
tgcc/[CO
─
,Nα]cN1cgg and is 7 – 9 kJ/mol higher in 298 K free energy (40 kJ/mol at 
MP2(full)). Similar to Zn
2+
(His)2, several other higher energy isomers were calculated 




are high in 298 K free energy, their spectra will not be compared to experimental spectra 
below and their structures will not be discussed explicitly here. 
IRMPD spectroscopy.  Photodissociation spectra of CdCl
+
(His), [Zn(His–H)]+, 
[Cd(His–H)]+, Zn2+(His)2, and Cd
2+
(His)2 were examined from ~550 to slightly past 1800 
cm
-1
, Figure 8.3.  For CdCl
+
(His), the photodissociation pathways correspond to loss of 
H2O, NH3, OH, and OH + CO.  The photodissociation of [M(His-H)]
+
 species mainly 
resulted in loss of CO2.  For M
2+
(His)2, photodissociation resulted in fragmentation and 




(His) products, with the H
+
(His) product 
undergoing subsequent loss of  H2O and H2O + CO.  The IRMPD action spectra shown 
correspond to the relative intensity of all product ions as a function of laser wavelength.  
Spectra of individual product masses and parent ion depletion spectra were also generated 
for comparison and are similar to the overall corresponding yield spectrum for the 
monomeric and dimeric species. 
Comparison of the IRMPD spectra in Figure 8.3 shows the similarities between 
the spectra of the Zn and Cd containing species.  The experimental bands are identified 
on the basis of previous work
14-16,19-21,41,43
 as well as comparisons to theoretical spectra.  
From this, the lines drawn through all the spectra at ~610, ~1155 and ~1725 cm
-1
 mark 
the three major bands in the CdCl
+
(His) spectra.  The 610 cm
-1
 band is primarily a COH 
wagging motion, although there are contributions of an NH2 rocking motion and 
imidazole wagging as discussed below.  The 1155 cm
-1
 band is primarily a COH bending 
motion of the free OH in a charge solvated structure, although appreciable HNαCH and 
HN3CH bending motions are involved as well.  Notably the [M(His–H)]
+
 spectra do not 
exhibit the band at ~1155 cm
-1




Figure 8.3.  IRMPD spectra of CdCl
+
(His), [Cd(His–H)]+, [Zn(His–H)]+, Zn2+(His)2, and 
Cd
2+
(His)2 complexes.  Spectra taken with attenuated laser power (in decibels) or at 
reduced laser repetition rate are indicated in color.  Solid lines at 610, 1155, and 1725 cm
-
1
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Instead a sharp band at ~1120 cm
-1
 appears and is assigned as a HNαCH bend.  Both 
bands at ~1155 and ~1120 cm
-1
 are observed in the Zn
2+
(His)2 spectrum, whereas the 
Cd
2+
(His)2 has the band at ~1155 cm
-1
 and a shoulder on the red side of this band at 1120 
cm
-1
.  This strong band at 1155 cm
-1
 suggests the presence of at least one CS ligand in the 
dimer spectra, whereas the band at 1120 cm
-1
 may demonstrate carboxylate character 
suggesting a salt-bridge conformation.  The band at 1725 cm
-1
 in the CdCl
+
(His) 
spectrum is the C=O stretch of the carbonyl and shifts toward the blue for both the 
[M(His–H)]+ spectra, red shifts for the Zn2+(His)2 spectrum, and remains for the 
Cd
2+
(His)2 spectrum.  These shifts will be discussed in more detail along with the 
remaining bands in the spectra when compared to theory in the sections below.   
Comparison to Theory: CdCl
+
(His).  Figure 8.4 shows the experimental IRMPD action 
spectrum along with calculated IR linear absorption spectra and relative 298 K free 
energies (at the B3LYP and MP2(full) levels) for the lowest-energy structures of 
CdCl
+
(His).  For the most part, the calculated IR spectra of complexes having the same 
metal binding sites are very similar such that a comparison with the lowest energy 
conformer of each type of His coordination is sufficient for identification.  It should be 
remembered that the experimental IRMPD intensities are not always reproduced by the 
calculated one-photon linear absorption spectrum, but the relative intensities between 
bands often offer a good qualitative comparison to experiment.  As mentioned above, the 
most intense and distinctive bands are the carbonyl stretch at ~1725 cm
-1
 and COH 
bending at ~1155 cm
-1
.  The positions and large intensities of both bands in the 





Figure 8.4.  Comparison of the experimental IRMPD spectrum of CdCl
+
(His) with IR 
spectra of six low-energy conformers predicted at the B3LYP/Def2TZVP level.  A 
spectrum taken with attenuated laser power (in decibels) is indicated in color.  Relative 
298 K free energies from Table 8.1 are given in parenthesis calculated at the B3LYP and 





































































































































The [CO,Nα,N1] structure is by far the lowest in energy and, for an equilibrium 
distribution of complexes at 298 K, should comprise more than 99% of the reactant ions.  
The predicted C=O band is located at 1720 cm
-1
, in excellent agreement with experiment.  
For comparison, this band for Ca
2+
(His) is located at ~1680 cm
-1
.  The blue shift of the 
C=O band in the CdCl
+
(His) system as compared to the similarly sized Ca
2+
 ion is likely 
a consequence of the Cl
─
 spectator ion, which induces longer M–O coordination to the 
CdCl
+
 and therefore less perturbation of the C=O stretch.  The C=O stretching band is by 
far the most diagnostic when comparing the spectra of the higher energy structures.  This 
experimental band does not agree in position or shape to the predicted spectra of the 
higher energy SB complexes, Figure 8.4.  The predicted CO2
─
 asymmetric stretch (vasym) 
in the [CO2
─
]cN1tgc SB complex is at 1549 cm
-1
, much lower in frequency than the C=O 
stretch of CS complexes, a shift seen previously
15
 between similarly coordinated 
complexes of His.  The vasym of the CO2
─
 is intrinsically lower in frequency than the C=O 
stretch.  The vasym of the coordinated CO
─
 in the [CO
─
,Nα] complex is at ~1600 cm
-1
, 
higher in frequency than the vasym of the CO2
─
, also in agreement with previous 






  Although there is no 
signature salt-bridge band predicted by theory, the CdCl
+
(His) spectrum has little to no 
salt-bridge characteristics based on comparisons to the individual calculated spectra of 
the SB complexes.  Therefore, it is unlikely that a SB complex is formed in the 
experiment. 
The predicted C=O stretches of the other CS complexes have shapes similar to 
experiment, but do not agree in position (although this could be an artifact of the scaling 




agrees within 15 cm
1
, the remaining bands are in poor agreement with experiment.  In the 
complexes where the metal is not coordinated to the carbonyl, [Nα,N1] and [OH,Nα,N1], 
the two C=O stretches are both blue shifted from experiment by 50 – 90 cm-1.  If we 
change the scaling factor applied to the predicted spectra such that this band agrees with 
experiment (requiring values of 0.927 – 0.945), then the lower frequency bands will be in 
poor agreement.  Overall, the tridentate [CO,Nα,N1] conformers provide the best 
agreement with experiment for the C=O stretch.   
As mentioned above, the band at 1155 cm
-1
 is indicative of a CS structure because 
it involves the free OH motions of the carboxylic acid and therefore is not observed in 
any of the SB structures, Figure 8.4.  This band is also shifted to lower frequencies in the 
[OH,Nα,N1] complex.  In the GS complex, the intense band at ~1155 cm
-1 
is primarily a 
result of the COH bending mode with contributions of HNαCH and HN3CH bending 
motions.  There are additional intense bands in the spectrum that are identified as the NH2 
wagging at ~1040 cm
-1 
and COH wagging at ~610 cm
-1
, but there are also contributions 
from wagging of the imidazole ring and a rocking motion of the NH2 group.  A side band 
of this main peak is centered at ~670 cm
-1
 and corresponds to a similar mode, namely the 
HNC wagging of the N3 in the imidazole side chain.  Both bands predicted for the 
[CO,Nα,N1] GS conformer agree nicely with experiment in both position and relative 
intensity.  The experimental band at ~1585 cm
-1
 is believed to be the NH2 bending 
motion and the predicted peak of  the GS is shifted to higher frequencies by ~25 cm
-1
 
from experiment.  This deviation has been observed previously,
41,44-47
 and is believed to 
be a consequence of strong anharmonic effects.  The remaining bands in the 1250 – 1500 
cm
-1




Overall, the large bands at ~1725, 1155, 1040, 670, and 610 cm
-1
 are each in excellent 
agreement with the predicted vibrations of the [CO,Nα,N1] complex in positions and band 
shapes.  This overall agreement suggests that this complex is predominately formed in the 
experiment and that the vibrational scaling factor applied here is accurate. 
There are two peaks in the experimental spectrum that are not reproduced with 
high fidelity in the predicted spectrum of the [CO,Nα,N1] GS at ~1080 and 1270 cm
-1
.  
The first may be an imidazole ring in-plane CH bending mode, as assigned on the basis 
of condensed-phase IR spectra of imidazole and histidine.
48,49
  A small contribution from 
these modes are observed in the predicted spectrum, but the experimental peak is more 
intense than predicted by theory in any of the calculated spectra, Figure 8.4.  This 
phenomenon has also been reported previously by Prell and coworkers for the 
H
+
(HisArg) system, who found a similar sharp band at 1080 cm
-1
 that was not reproduced 
by theory.
20
  Assignment of this band as the neutral imidazole was confirmed by the 
addition of a second proton to form H2
2+
(HisArg), where the band in question decreases 
substantially as the imidazole is believed to be protonated thereby altering its frequencies.  
The second unassigned band at 1270 cm
-1
 could be the ring stretch of the imidazole.
49
  





 as well as inconsistent matching to the IRMPD spectra, exact 
assignment of this as well as the other minor bands in the region measured for the 
experimental spectra is difficult.  The lack of these two bands in the theoretical spectra is 
not surprising given that predicted vibrational frequencies are calculated using the 
harmonic oscillator approximation.  As observed above, this multiple-photon 




tendencies such that these experimental bands could be shifted or the result of an 
overtone not calculated in the theoretical linear absorption spectrum. Likewise, the 
predicted intensity of strongly anharmonic modes can deviate substantially from 
experiment.  
[M(His–H)]+.  Comparing the experimental spectrum of [Cd(His–H)]+ to the 
predicted spectra of the low-energy structures, there is good agreement with that of the 
[CO
─
,Nα,N1]-HCOggc GS, Figure 8.5a.  Here the major and minor bands discussed above 
are predicted well in peak position and relative intensities are reasonable as well.  This 
structure of the [CO
─
,Nα,N1]–HCOggc GS is similar to that determined to be the GS for 
the CdCl(His)
+
 complex, except the carboxylic acid is de-protonated and there is no 
spectator Cl
─
 ion.  This allows the metal to be closer in distance to each coordination site, 
which will most likely be reflected in the position of certain diagnostic bands like the 
C=O stretch, as discussed in detail below.   
The peak intensities of all the bands below 1600 cm
-1
 are smaller relative to the 
band at 1740 cm
-1
 in the predicted GS spectrum, whereas they appear much more intense 
in experiment.  This is because the experimental spectra presented in this chapter have 
not been corrected for the gradual decrease of laser power toward the blue edge of the 
spectra (up to 20 mJ per macropulse in this region).  Once power corrected, the intensity 
of the C=O stretch increases (by a factor of about 2.2) and the intensity of the lower 
frequency bands relative to the C=O stretch agrees well with that predicted in the GS 
spectrum.  We have chosen not to power correct experimental spectra for this chapter 














































Figure 8.5.  Comparison of the experimental IRMPD spectra of [Cd(His–H)]+ and 
[Zn(His–H)]+ with IR spectra of selected low-energy conformers predicted at the 
B3LYP/Def2TZVP and B3LYP/6-311+G(d,p) levels.  Spectra taken with attenuated laser 
power (in decibels) or at reduced laser repetition rate are indicated in color.  Relative 298 
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The [Cd(His–H)]+ spectrum is similar to that of the CdCl+(His) complex over the 
wavelength range examined here, Figure 8.3.  One subtle difference with respect to the 
two spectra is in the increased intensity of the minor bands in the deprotonated complex.  
Specifically, the experimental band at 610 cm
-1
 decreases relative to the band at 670 cm
-1
 
because there is no COH wagging contribution in the deprotonated complex.  This peak 
is predicted at 614 cm
-1
 for the [CO
─
,Nα,N1]-HCOggc GS and comprises the wagging of 
the imidazole side chain along with the NH2 rocking motion, which were minor 
contributions to this band discussed above.  The peak at 670 cm
-1
 corresponds to the 
HNC wag of N3 in the side chain in both species.  Also, two bands at 790 and 835 cm
-1
 
appear, which were only hinted at in the CdCl
+
(His) spectrum.  These two bands are C-C 
stretches and CH2 rocking motions along the backbone causing the coordinated oxygen 
and alpha amino groups to stretch closer to the metal ion.  The shapes, positions, and 
relative intensity of these two bands are only reproduced in the tridentate complex when 
the deprotonation occurs on the carboxylic acid terminus forming the [CO
─
,Nα,N1]-
HCOggc GS, Figure 8.5a. Deprotonation at Nα broadens these bands considerably and 
relative intensities are poorly reproduced.  The [Cd(His–H)]+ spectrum also has a sharp 
band at 1130 cm
-1
 and a broad band from 1200 – 1275 cm-1.  The band at ~1130 cm-1 is 
the HNαCH bend, which is red shifted by ~25 cm
-1
 from the peak in the CdCl
+
(His) 
spectrum where it was attributed primarily to the COH bend, along with contributions 
from the HNαCH bend, as discussed above.  The decrease in intensity and 25 cm
-1
 red 
shift in band position can be expected from the absence of the COH bend and a long 
range attractive interaction between the proton on the alpha amino group and the oxygens 




spectra at ~1155 cm
-1
, assigned to the HN3CH bending motion.  This motion is also 
present though unresolved from the COH wag in the CdCl
+
(His) spectrum, but is 
unaffected by the CO2
─
 moiety formed by deprotonation.  The broad band from 1200 – 
1275 cm
-1
 includes the symmetric stretch (vsym) of CO2
─
 at 1260 cm
-1
, as well as other 
bends and twists along the backbone and side chain.  This assignment agrees with 
previous vibrations assigned
14
 to the Phe–H ligand in the [Zn(Phe)(Phe–H)]+ complex.  
The small peaks at ~1300 and 1350 cm
-1
 are predicted in the theoretical spectrum of 
[CO
─
,Nα,N1,]-HCOggc to be stretches of the ring and CH movements, also in agreement 
with the Phe–H assignments.  The three bands from 1400 – 1600 cm-1 are also in 
relatively good agreement with the predicted spectrum, especially if the NH2 umbrella 
motion at 1600 cm
-1
 is red shifted somewhat experimentally because of the anharmonic 
effects noted above.   
The most surprising difference between the [Cd(His–H)]+ and CdCl+(His) spectra 
is that the vasym of the CO2
─
 blue shifted by ~20 cm
-1
 from the C=O stretch in the 
CdCl
+
(His) spectrum.  One might expect a red shift of this stretching band in the 
[Cd(His–H)]+ spectrum because of the carboxylate character in addition to the fact that 
the CO
─
 is coordinated 0.371 Å closer to the Cd
2+
 compared to the distance of the CO to 
CdCl
+
.  In the [CO
─
,Nα,N1,]-HCOggc GS, this molecular motion consists primarily of the 
stretch of the uncoordinated oxygen of the carboxylate group, whereas in the CdCl
+
(His) 
complex, this band corresponds to the coordinated oxygen of the carbonyl.  This band 
position and movement of the CO2
─
 is in agreement with the behavior observed in the 
[Zn(Phe)(Phe-H)]
+
 system (experimental CO2
─




 and also agrees with 




Looking at the two predicted spectra of higher-energy tridentate complexes where 
the alpha amino group is deprotonated, Figure 8.5a, the main C=O stretch feature consists 
of the movement of the metal-coordinated carbonyl group such that it is red-shifted from 
experiment by ~55 cm
-1
.  The other bands of these predicted spectra are also in poor 
agreement with experiment in band position and relative intensity.  Thus, these 
conformations do not appear to be formed experimentally, agreeing with the calculated 
relative energetics, Table 8.1.  Figure 8.5a also shows the [N3] complexes, which are only 
16 – 17 kJ/mol higher in 298 K free energy than the GS at the MP2(full) level.  
Comparing these spectra to experiment there is an immediate and obvious disagreement 
from the lack of a major C=O stretch.  Instead the predominant bands in the predicted 
spectra result from wagging motions of the COH at ~1320 cm
-1
 and CNαH at ~1055 cm
-1
.  
The major differences between the two linear absorption spectra of the [N3] complexes 
come from the differences in the hydrogen bonding network and orientation of the alpha 
amino group described in the section above.   
The [Zn(His–H)]+ spectrum is very similar to its Cd counterpart, Figure 8.3.  As 
for [Cd(His–H)]+, the Zn[CO─,Nα,N1]-HCOggc GS is in excellent agreement with the 
experimental spectrum, Figure 8.5b.  The vasym of the CO2
─
 agrees in both position and 
shape to the GS.  Different from the Cd system, the [Zn(His–H)]+ spectrum has three low 
frequency bands at ~605, 640, and 670 cm
-1
.  The positions of these bands agree within 5 
cm
-1
 to three similarly shaped bands in the theoretically predicted spectrum of 
[CO
─
,Nα,N1]-HCOggc.  Specifically, the predicted band at 610 cm
-1
 consists of the 
wagging and bending of the imidazole side chain, the frequency at 642 cm
-1
 is the NαH2 
rock, and the peak at 673 cm
-1




bands compared to the Cd system are most likely because of the tighter coordination of 
the Zn ion to His–H, as reflected in the smaller coordination distances. The remainder of 
the bands are similar to those discussed above for [Cd(His-H)]
+
; and similar to the Cd 
system, the high energy isomers of [Zn(His–H)]+ do not agree with experiment, Figure 
8.5b.  As a whole, the experimental spectra of the monomeric species agree very well 
with the spectra of the calculated GS conformers, which are overwhelmingly favored by 
the relative energetics at all three levels of theory for all three systems.  
Cd
2+
(His)2.  Up until this point the spectral comparisons and relative energetics of 
the monomeric species consistently demonstrate a preference for the tridentate binding of 
a charge solvated His and a tridentate His–H (with a de-protonated carboxylic acid 
terminus) to Cd and Zn.  Comparing the experimental spectrum of Cd
2+
(His)2 to the 
CdCl
+
(His) spectrum, the position of the C=O stretch is fairly similar at ~1720 cm
-1
, 
Figure 8.3, most likely a consequence of at least one similarly coordinated charge 
solvated ligand.  The similar position of the C=O stretch compared to the CdCl
+
(His) 
complex also suggests that the coordination to the CS carbonyl is relatively long in the 
dimer complex probably because of the increased crowding around the metal, as 
discussed above.  The Cd
2+
(His)2 spectrum also has a large peak at ~1150 cm
-1
, indicative 
of the carboxylic acid free OH motion, which is also consistent with CS character.  
However, as mentioned above, the dimeric spectrum has broadening on the red side of 
this peak at ~1120 cm
-1
 (much smaller intensity relative to the peak at 1150 cm
-1
 in the 3 
dB spectrum).  There is no such broadening in the CdCl
+
(His) experimental spectrum, but 
there are bands at ~1110 cm
-1
 in the predicted spectra of the SB structures calculated for 








8.6.  The position of this broadening at 1120 cm
-1
 is similar to the HNαCH bending mode 
discussed above for the [Cd(His–H)]+ spectrum, a spectrum with carboxylate 
characteristics.  In comparison to the CS CdCl
+
(His) spectrum, the peaks from 1400 – 
1600 cm
-1
 in the Cd
2+
(His)2 spectrum are much broader and have grown in intensity 
relative to the C=O stretch, which is suggestive of contributions from SB conformers.  In 
addition, there are bands in the 1200 – 1400 cm-1 range, also similar to the [Cd(His–H)]+ 
spectrum. There are new bands at 760, 925, 965, and 1005 cm
-1
, which were not observed 
in the CS spectrum of CdCl
+
(His), Figure 8.4, or the spectrum of [Cd(His–H)]+, Figure 
8.5.  Finally, the shapes and positions of the bands in the Cd
2+
(His)2 spectrum are similar 
to those reported in the IRMPD spectrum of Cd
2+
(Trp)2, which was assigned as a CS/SB 
conformation by Dunbar et al.
19
  These authors observed similar, subtle changes between 
the monomer and dimer spectra of Trp complexed with Cd and assigned a CS and CS/SB 
configuration to these two spectra, respectively.  On the basis of these observed changes 
in the experimental spectrum of the dimeric species and comparisons to the reported 
spectra in the literature, one of the His ligands is in a CS formation while the other is 
possibly SB, but contributions from CS/CS structures cannot be rejected yet.   
The C=O stretch of the predicted spectrum of the C2 symmetric 
[CO,Nα,N1]tgcc/[CO,Nα,N1]tgcc complex agrees best with experiment in both band 
position and shape, Figure 8.6a.  The remaining predicted bands are also in relatively 
good agreement in peak position, although the intense contribution of the C=O stretching 
band obscures the smaller peaks.  Obviously, there is poor agreement in the relative 
intensities between the C=O stretch and the lower frequency bands, in part because the 










































(His)2 with IR spectra of selected low-energy conformers predicted at the 
B3LYP/Def2TZVP and B3LYP/6-311+G(d,p) levels.  Relative 298 K free energies from 
Table 8.2 are given in parenthesis calculated at the B3LYP and MP2(full) levels.  A 
spectrum taken with attenuated laser power (in decibels) is indicated in color.  The 























































































































































































































conformer as discussed below.  Therefore, we have scaled the C=O stretching band in the 
CS/CS predicted spectrum by a factor of 0.5 to better simulate the experimental spectrum 
(uncorrected for laser power) and to more clearly see the lower frequency bands.  This 
allows for the clear identification of the band at 760 cm
-1
, which is a OCOH bend, and is 
present in all CS/CS or CS/SB spectra.  Because of the complexity of this dimer system, 
there is a large number of bands and there is no single mode diagnostic of a SB ligand.  
However, as suggested by the comparisons of experimental spectra above, there are no 
bands in the CS/CS spectrum at ~925 or 960 cm
-1
 and the large broad experimental bands 
in the range of 1200 – 1650 cm-1 are not reproduced with high fidelity.  However, 
comparison of the 0 and 3 dB spectra shows that the C=O stretching band is easily 
saturated, such that the relative intensities between this band and those from 1200 – 1650 
cm
-1
 in the 3 dB spectrum agree well with predicted relative intensities of the CS/CS 
MP2(full) GS.  In addition, this CS/CS conformer has no predicted vibrational modes at 
1120 cm
-1
, a mode that may be indicative of some carboxylate characteristics, as 
discussed for the [Cd(His–H)]+ spectrum.  The [CO,Nα,N1]tgcc/[CO,Nα,N1]tgcc complex 
is the MP2(full) GS, but is 4.4 – 6.5 kJ/mol higher in 298 K free energy at the DFT 
levels, Table 8.2.   
The DFT GS is a CS/SB complex, [CO,Nα,N1]/[CO2
─
], which is higher in 
MP2(full) 298 K free energy by 32 kJ/mol.  Comparing the predicted spectrum of this 
CS/SB complex to experiment, the C=O stretching band of the CS ligand is red shifted 
from experiment by ~20 cm
-1
, peaking at 1700 cm
-1
.  The vasym stretch of the coordinated 
CO2
─
 group peaks at 1527 cm
-1
, in good agreement with the experimental shoulder ~1520 
cm
-1




experimentally.  Additionally, there are predicted bands that involve the motion of the 
proton involved in the salt-bridge between the N1 and Nα groups from ~920 – 1010 cm
-1
 
and at 1110 cm
-1
.  These bands reproduce the position of those found in the experiment 
within 3 – 20 cm-1, although again the relative intensities are not well predicted.   
The remaining bands from 1200 – 1600 cm-1 are difficult to assign as both 
predicted GS spectra have vibrational modes here.  However, these bands in the CS/CS 
spectrum are very low in intensity relative to the predicted COH wagging, NH2 wagging, 
COH bending, and C=O stretching peaks at 610, 1045, 1150, and 1716 cm
-1
, respectively.  
More intense broad bands are found in the DFT GS CS/SB spectrum, similar to 
experiment, Figure 8.6a, suggesting possible contributions of this conformer to the 
experimental spectrum.  The positioning of these bands is slightly off from experiment, 
which could be a result of large anharmonic affects in this region, as discussed above.  
The lower frequency bands at ~610 and 675 cm
-1
 are reproduced with either predicted 
spectrum, although the relative intensity between these two bands is predicted slightly 
better using the CS/SB conformer.  This is because the band at 610 cm
-1
 decreases in 
intensity from the lack of the COH wagging motion in the SB ligand (as seen in the 
[Cd(His–H)]+ spectrum) and the HNC band at 675 cm-1 grows in intensity because of the 
additional wagging movements of the protonated N1 and N3 in the side chain.  The 
predicted spectrum of the [CO,Nα,N1]tgcc/[CO
─
,Nα]cN1cgg complex is also given in 
Figure 8.6a, but the three intense and sharp bands at ~1600 (proton movement between 
the N1 and CO
─ 









Overall it appears that the experimental spectrum has bands unique to at least one 
CS ligand, but also has bands indicative of a ligand with a SB structure, which can be 
described by the predicted spectrum of the [CO,Nα,N1]/[CO2
─
] DFT GS.  The latter 





the main C=O stretching band is best described by the [CO,Nα,N1]/[CO,Nα,N1] MP2(full) 
GS, which also predicts most of the other bands reasonably well.  Given that the levels of 
theory disagree as to which complex is the GS and DFT predicts relatively close 
energetics between these two structures, it is difficult to make an unambiguous 
assignment of one particular complex to the Cd
2+
(His)2 spectrum.  A combination of the 
CS/CS and CS/SB structures probably would reproduce the observed spectrum the best.    
Zn
2+
(His)2.  Comparing the Cd
2+
(His)2 spectrum to that of Zn
2+
(His)2 there are 
obvious similarities with slight differences in the spectral signatures, Figure 8.3.  
Notably, the C=O stretching band has shifted from ~1720 cm
-1
 in the Cd
2+
 spectrum to 
~1710 cm
-1
 in the Zn
2+
 spectrum, implying a closer coordination of the carbonyl in the 
CS ligand to the Zn
2+
.  The width of this peak also decreases slightly from 23 to 17 cm
-1
, 
but this could be a consequence of saturation, which unfortunately was not collected at 3 
dB attenuation.  The experimental bands from 920 – 1010 cm-1 and ~1120 cm-1 are 
assigned above to the proton participating in the SB of the [CO2
─
] complex.  These bands 
are present in the spectrum and have also grown in intensity compared to the same peaks 
in the Cd
2+
(His)2 spectrum, although again this could be a consequence of saturation of 
the C=O stretch.  The band at 1120 cm
-1
 is more clearly observed, compared to the low-
frequency shoulder on the COH bending band observed for Cd
2+
(His)2.  However, there 








(His)2 system, i.e., the decrease in intensity between the 0 dB and 3 dB spectra 
is not as drastic as for Cd
2+
(His)2.  Saturation may be more easily obtained with the 
CS/CS complex because there are two coordinating carbonyls.  The COH bend remains at 
1150 cm
-1
, implying the presence of at least one His ligand with a CS structure.  These 
observations suggest a similar structure or combination of structures being present in the 
Zn
2+
(His)2 complex as for Cd
2+
(His)2.  This indicates that there are only small structural 
changes to the experimental reactant when Cd is substituted for Zn in the gas phase, in 
agreement with our assignments of similar structures to the monomeric species.      
Looking at the predicted spectrum of the C2 symmetric 
[CO,Nα,N1]tggc/[CO,Nα,N1]tggc complex, the predicted C=O stretch is located at 1747 
cm
-1
, a blue shift of ~37 cm
-1
 from the experimental peak at ~1710 cm
-1
, Figure 8.6b.  
Such a blue shift is induced by the longer CO coordination to the metal, a result of the 
steric hindrance of these His ligands around the smaller zinc dication, as discussed above.  
Instead, there is a small feature in the experimental spectrum near 1750 cm
-1
 which may 
be a small contribution from this blue shifted C=O stretch of the CS/CS complex.  The 
less chelated structures, including ones containing a SB His ligand, are favored by the 
relative DFT energetics.     
However, the evidence for a CS/SB conformer is hardly conclusive based on 
spectral comparisons to theory.  The predicted C=O stretch of the carbonyl in the CS 
ligand of the [CO,Nα,N1]tggc/[CO2
─
] complex is again red shifted from the experimental 
spectrum by ~20 cm
-1
, similar to what was found for the corresponding structure of 
Cd
2+
(His)2.  Additionally, this complex is no longer the DFT GS, instead the 
[CO,Nα,N1]tggc/[CO
─




B3P86 levels.  The predicted spectrum of this GS is again in relatively poor agreement to 
experiment.  The large vasym of the CO2
─
 at ~1673 cm
-1
 is split with the C=O stretch of the 
CS ligand at ~1714 cm
-1 
and has no match in the experimental spectrum.  To try to 
achieve better spectral comparisons for this system, optimization and frequency 
calculations were performed on these Zn
2+
(His)2 complexes at the B3LYP/Def2TZVP 
level anticipating that the size consistent basis set may better describe this system.  
However, the resulting structures and vibrations were similar to those using the 6-
311+G(d,p) basis set.  Finally, CS/CS and CS/SB structures were rebuilt to try and 
change distances from the coordination sites to the metal, to better fit the band positions 
of the C=O and CO2
─
 vasym stretches in the experimental spectrum, but during the 
optimization steps these structures returned to the low-energy structures already 
presented here.  Less chelated CS/CS, CS/SB, and SB/SB conformers were calculated 
and the spectra of higher-energy structures were compared to experiment, however, none 
offer better agreement to the IRMPD spectrum.  Perhaps a more extensive 
conformational search is required.   
From these comparisons to the predicted spectra and from the ambiguous relative 
energetics, it seems that conventional theoretical calculations struggle with predicting 
structural parameters and vibrational modes in this complicated two-ligand system 
featuring a small highly charged metal.  Given that the experimental spectrum of 
Zn
2+
(His)2 is similar to the Cd
2+
(His)2 spectrum, it seems that similar structural 
assignments of the Zn
2+
(His)2 complex can be made based on the spectral comparisons 
outlined for the Cd
2+
(His)2.  Dunbar et al.
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similar to the [CO,Nα,N1]/[CO2
─
] complex discussed above.  Each metal is coordinated 
similarly although in the Trp system the metal is coordinated to the aromatic ring instead 
of the N1 of the imidazole ring as in the His system.  Our comparisons as well as the 
MP2(full) energetics suggest that the CS/CS [CO,Nα,N1]/ [CO,Nα,N1] structure may be a 
major contributor as well. 
Conclusion 
The role of the metal in the conformational dependence of histidine was 
investigated  by measuring the IRMPD action spectra of monomeric histidine, 







.  Comparison of these experimental spectra with 
IR spectra calculated at the B3LYP/6-311+G(d,p) and B3LYP/Def2TZVP levels of 
theory identified the conformations likely present in the experiment.  The monomeric 
species are unambiguously assigned as tridentate complexes of histidine to the metal.  
Specifically, for the CdCl
+
(His) system, the amino acid forms a charge solvated 
configuration coordinated to the carbonyl, N1 of the imidazole side chain, and to the 
alpha-amino group in a [CO,Nα,N1]tgcc fashion.  This assignment is clear from the strong 
C=O stretch at ~1720 cm
-1
 and the obvious presence of the free OH motion of the COH 
bend at ~1150 cm
-1
.  Through comparisons to the other monomeric spectra and to theory, 
it is found that the Cl
─
 spectator ion has little effect on the experimental spectrum with 
the possible exception of the position of the C=O stretching band resulting from the 
longer coordination to the CO and lower overall charge transfer.  The [M(His–H)]+ 




 and the structures identified as the 




in a [CO,Nα,N1]configuration.  Minor differences in the splitting and position of certain 
bands between the spectra of [Zn(His–H)]+ and [Cd(His–H)]+ are observed.  Structural 
differences of these two complexes are also minor and the small differences in the 
experimental spectra were most likely the result of the tighter coordination of the smaller 
Zn
2+
 metal.  These spectral assignments agree with the assigned ground states calculated 
by all three levels of theory. 




(His)2 were less conclusive 
partly because of the large size and complexity of these systems.  Both experimental 
spectra have a large number bands making it difficult to definitively assign one 
configuration versus another.  In addition, the calculated relative energetics disagree on 
the most stable configuration.  The DFT levels favor a CS/SB binding of the two 
histidines, whereas MP2(full) strongly favors a CS/CS symmetric complex.  The 
presence of at least one CS ligand is clear, as both spectra have strong bands resulting 
from the COH bend and C=O stretch typical of a CS configuration.  The Cd
2+
(His)2 
spectrum agrees fairly well with a 6-coordinate CS/CS complex, although there are bands 
not accounted for in the predicted spectrum as well as discrepancies in the relative 
intensities. Comparisons to theoretically predicted spectra show that the identification of 
a SB ligand in the presence of a CS ligand is not straightforward.  In the experimental 
spectra, there are small peaks from 900 – 1010 cm-1, the growth of a peak at 1120 cm-1, 
and broad bands in the 1350 – 1600 cm-1 range, which all suggest the presence of a SB 
ligand.  The exact identification of the CS/SB configuration rests heavily on the detailed 
matching of the predicted spectra to experiment in regions that were shown to have 




probably warranted to make unambiguous assignments of these bands, given that as 
theory is clearly not adequately describing some of these frequencies using simple 
harmonic oscillator methods.   




(His)2, it seems that 
the spectra of both are quite similar to one another in agreement, with comparisons 
between the [Zn(His–H)]+ and [Cd(His–H)]+ spectra.  Perhaps histidine is not susceptible 
to severe structural changes when replacing zinc with cadmium, as found for carbonic 
anhydrase, which comprises three His residues and is now believed
11
 not to be affected 
by the replacement with a Cd
2+
 ion.  Perhaps having more or different ligands bound to 
the metal is necessary to understand the toxicological affects of the cadmium ion and to 
better mimic its other biological states (e.g., zinc fingers where the metal is complexed by 
one or two histidine residues in addition to two or three cysteines).  Future work could 
include the addition of solvent molecules like water or methanol, using less complicated 
amino acids like cysteine (to avoid the side chain affects on the spectra seen here), or 
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